
UNCLASSIFIED

AD 265 552

/iRMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other dxawing3, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formilatea, furnished, or in awv way
supplied the said drawings; specifications, c. other
data is not to be regarded by implication or other-
wise as in any maner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



SNoise Figures, Noise Temperatures,
Sand System Sensitivity

co by

f&r P. H. Enslow, Jr.

Technical Report No. 516&2NO6 9&

July 10, 1961

PREPARED UNDER
SIGNAL CORPS CONTRACT DA36(039)SC-78296 - -

XE Rox

SYSTEMS TEcHniquks WIORATORY

STANFORD ELECTRoHiCS LABORATORIES
STUHISHE UNlIVERSITY - TEOlIGRI, ULFURIN



ERATA i

Page

i Item C should read: Effect of intermediate-frequency image...

x Last item should read: F Network noise factor...

xi First item should read: PWF min Signal power...

h1 Line 2 should read: 1. OUTPUT NOISE POWER. An ideal network
adde no noise nower to...
Footnote should read: ... Section IX.B.3.b., p. 71.

12 Eq. (3.2) denomin cor should read:

o
j r (f) df

0

13 Line 21 shod read: The definition given above for F may be...

25 Fig. 3.5. Label above arrow at right should read: So = GoS I

26 Line 8 should read: FMIF = "standard" noise factor of the

crystal mixer i-f amplifier...

27 Fig. 3.6. ExpressLon in lower box should read: (trTo-GT s)kB

Label below arrow at right should read:

N =-% B= 0 + (trTo -GoT)kB

Last line of footnote should read: where t "effective input'.
eff - tv nu".

30 Fig. 3.8. Expression in lower box should read: ktex ToB

Equation below arrow at right sh6-uld read:

N -=T s BG0 + kte ToB

36 Last line should read:

(si/Ni )

(So/n0 )

13 Eq. (3.49), numerator should read: YTrad + (i T

50 Eq. (5.12), denominator of last fraction should read:

0 .."'

_ Fig. 5.-. E xression in lower left box should read:

,t - %O1) k 0 BI



MRAT& (coutinued)

Page

53; Line 10-shIould --end- Prom-Eq. (-5.15) above,..

u~rg.8~ Exoreession in bottom cdenter box shfould rd:d

(t-G - )kT 0

Last line-o legend (B) should rend: .. i.hoise-
teneraturfe ratio t1 ,

90 -Line 1b shnouLld ead: M.. mier. See f ootnote page 8.-

2-



NOISE FIGURES, NOISE TEMPERATURES, AND SYSTEM SENSITIVITY

by

Philip H Enslow, Jr

Captain, Signal Corps, U.*S. Army

Technical Beport No. 516-2

July 10, 1961

Reprodction -n whole or -a part
is permitt td ia, a- purpose of
%he United State. 6-.erno-t.

Prepared under

Signal Corps Contract DM36(0391 =782 6

Systems Techniques Laboratory
Stanford Electronics Laboratories

Stanford University
Stanford, Cali fornia



The dtWinitions of terms used in systems noise work are presented,

as well as general techniques of describiug noise power r-suiting froMi

both the source and the excess noise added by the network under consider-

ation. A u-ique feature of this report is a unified development of seven
"noise telneratures" encountered in th's field, wits; tabler shoving the

relationships among them and their uses. A general technique for calcu-

lating th. sensitivity of a receiver is presented and three examples are

treaLed in detail: the simple crystal-video system, the crystal-video

receiver with r-f preampliflcation, and the superheterodyne system. All

s/ystems are divided into two classes for which the calculo Lions are

similar: receivers having only a simple detector, and those having some

form of linear amplification preceding the detector. T-he final analysis

of the noise performance of the system requires a comparison of the pre-

detection and post-detection excess noise. This comparison is performed

by referring all excess noise power to the detector input and classifying

the system according to whethe- (a) te pre-detection noise predomin-ates,

%b) th-e post-detection noise predominates, or (^) the pre-detection noise

and the ost-detectlon noise are comparable in magnitude.
The Appendices cover several topics of interest, such as image re-

sponse and the special problems encountered wit a panorazic rceive

-iii -
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LIST OF SYMBOLS

A Capture area of antenna. (Must have same imiLd of arem
as PWF

b Network 3-db bandiwdth.

B Network noise bandwidth.

B a G- f G(f)df
0o

Bef f  System effective bandwidth.

B' Effective bandwidth of the linear pre-detection portion ofeff a receiver.

b VM Video amplifier bandwidth at which detector-video-amplifier

cpnsitivity was measured.

D Noise power density at detector input attributed to the
linear system, watts/cycle.

D Equivalent noise power density at detector input attributed
e to detector-video-amplifier noise, watts/cycle.

e2 Mean square value of thermal noise voltage.
n

(FN) External noise factor (ratio).

fIF Intermediate-frequency amplifier center frequency.

f LO Local oscillator frequency.

Af' Width of frequency band swept by the local oscillator.

Af' Width of desired band plus image band included in passband.

F Network noise factor (noise figure) at a given operating
point and input frequency. Commonly called the "spot
noise factor". Rcferred to the standard temperature,
2900 K, unless otherwise specified by a subscript.

FNetowrk noise factor averaged over the network frequency
range.

F(f)G(f)df T= G(f)ds O
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F"0 Network optimum noise factor at a given operating pointand frequency. :.west noise factor that can be obtained
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F12  Noise factor of networks No. 1 and No. 2 in cascade.

Fin Noise factor of networks 1 to n in cascade.

F* EAcess noise factor. Used in cascaded network formulas.

G Network gain g w SO/Si

G(f) Available network power gain at frequency f.

VO  Available gain at somt convenient reference frequency, f0 ;
usually frequency of maximum response.

k Boltzmann's constant: 1.374 x 10-23 Joule/°C;
10 lOglok = -228.6.

K Constant describing gain of detector/video-amplifier com-
bination.

1
L Network loss L = G

N Available noise power. Normally refers to kTB thermal
a noise.

Ni Network input noise power, watts.

1 0 Network total outpuL noise power, watts.

N6  Network output noise power attributed to amplified input
noise, watts.

No Network output noise power attributed to excess network
0 noie, watts.

Ps min Signal power required to meet "minimum detectable signal"
criterion at output, referred to receiver input terminals.

p, Signal power required. to meet "minimum detectable signal"
s min criterion at output, referred to detector input.
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PART IE --- iODUCTION

T. T-E FROBLEM"

Dring th e . , course of a project which was undertaken to investigate

some of the systems design considerations of frequency-scanning micro-

wave radar intercept receivers, it became increasing-y apparent that a

detailed understanding of system and component noise, as well as related
nroblPm.., ir rd nirinntnci A-,.+n~n.44-.nCr~ 4.n tb, .C.-.

-r -n - -+ .

I study w.- the maximum over-all sensitivity that could be expected from

a receiver system, and it was desired to be able to estimate the value

of this characterIstic from a "Paper study" of the system.

As the original study progressed, a greater appreciation of some of

the more subtle points in considering noise was developed; but these

techniques and problems are not unique to the intercept receiver, in

order to permit a better dissemination of the material on noise alone,

the noise section has been extracted from the study of intercept receivers

and is presented here as a separate report. An attempt has been made

to keep this material as general as possible- At times, however, this

was not possible; and the particular examples used in such eases are

those that were of prime interest in the original study.

An engineer is usually able to estimate the order of m a gn i t u de

of the sensitivity of a system before hc constructs it, but more often

than not there is a wide discrepancy between the calculations and the

actual measured performance. In fact, it is often difficult to calculate

the measu ed sensitivity even after the cqulpment has been built.

Usually some of the difference can be traced to an obscure point that was

overlooked. One of the purposes of this study was to bring out some of

these finer details as well as to present a very general technique for

making sensitivity calculations. it certainly cannot be expected that

the calculations will agree precisely with the actual performance, nor

is thisL absolutel necessary; but the computed values should be as close

as possible (perhaps 5-db difference would be an acceptable standard in

bome cases). It was with this point of view that the following study

was prepared. The sensitivity criterion used throughout this report
W-.5 ~ ~ ~ ~ - -rprd L 1g



is the "mininmum detectable signal"' though other definitions are possible,

the techniues would be the same regardess of the criterion employed.

Te definitionS end descriptions of network noise and calculations

of system sensitiv ty are very confused zopics in present day literature.

is hoped that this reIort will represent a coplete and consistent

discussion of these matters.

The body of the report is divided into two major parts. The first

part is concerned with very general topics such as definitions and

methods of expressing noise power. The uni-fed 4evelopment of the various

noise temperatures presented here is believed to be unique in this field.

Althoug; this topic is very confusing when it is first encountered, it

'S hoped that the presentation here will aive the reader some insight

in the origin and significance of the various "noire temperatures".

There are very possibly some "temperatures" that are not included and

crtainly many other names for those that ale presented here, but the
se-ven which -ire discussed are theo ones most Commonly encountered. 'ne

complete discussion of .101s figures and noise temperatures is intended

to provide a thoroueh guide to the literature on this topic.

second porion & the report provides practical application of

the definitions -.d techniques presented in the first part, while describ-

ng t1 methods pertinent to computation of component and system sensi-
tinrl tv.

Final ly, the appendices treat several topics of importance in making

sensitivity calculations wnich did not fit into the main body of the

report.

-2



PAT T-O --- NIORY NOSE

A. GENR D O

The anitude of the total system output noise is extremely is-

portent in the analysis of any sensing cr recording system. It is this

nnntityr in cczb_.at ...n. watn za syste6 al wI z I determines the min-

imu= signal strength that it will be possible to detect. As will be

seen In the developmen t '=.-t follows, the noise performance (noisiness)

and ES ins of the various stages may be such that the over-all system

noise is determined by the first one or two stages. The

com-enete develoneent of the relationships defining the over-all system

noise will enable the systems engineer to know the essential conditions
for which this approximation "an apply. Before it is possible to look

at any system as a whole, though, it is Important to examine first the

individual types of networks and to become familiar with the various

methods of treating noise in each sta&e. Thais section will present

some a sic definitions which will be elaborated on an-d employed in the

following section which is concerrd with the venous ways of describIng

the "noisiness" of a network.

The maI- body of this retort will coasider on-- te noise in the

single "siinal" channel. A meth for ini ng "Image channel" noise

n a superheterodyne receiver, or noise in any other "cmninel , is pre-

senteA in APenx C.

Most. ? the material presente i s Section can be found in the

literatur e i fact, more cDaplet discussions or many of the finer

poInt are nvailable there. 'Te p nose of Inclding this material here

as to introduce a new a"n n4 r e r, a to th tire nrablem while

explaining the notation that will be followed in the remainder of the

stucy.
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The Iose P-ce avnioble Is

Tberefore, there iS available across the terminals of a resistive

elaeent a noise power of %kT I watts ;-er cyc This value establishes

a minimum level for the input noise power density to any network.

b. Active source noise. The expression gven above for the

no.se power available,

=kTB, (kT )a 5

Ls va 'd n- for use witi pa-ssive -sistve) sources. It is not used

f or active souzces,

An active source may be considered in the same manner as an active

network. Whe outpt noise power available from eh may b e describe-

using the same expressions. The tex-rnolo y may be changed, but the

techziques are exaztly 'he s=e-

I. FFCTVENOSEEA!NSh. The " ttienoise bandwidth" is
E. rTOVSE BIE IAI

n a-lffcial property of the entire system. i refers to the nMerlcoll

value of the bandwidth used wth the i-npt noise power density and the

tenm describing the rer-saf system nos.ce pe'-ormance to compute the

total nose power developed in the output- The totl noise power in t

output, in turn, sets the basic sensitivity of the system.*

[inse power]

S°-tai-. ] [ , .ose l -over---I B.,. + 1 <o outn-t due
loutpi e n oipower L system to r--- ,

[ po L ,stv &a...J no!" se ddea'
L by system

(2.,

lo' r te diScussio-n ofr all - 5e-1ln~ B. -.C., p.

ef



s ased -1-a the varfe eiresin -=nj noiep.- isnot necgssarflir30
eg2 Wo- atascf nt the- ~ -f b mdth of the res jas

j u a llh ? pIojn a v=..on y e

0

-nreG 7) rAailable porer gin Ilmawncy f. 7he avaiinhir ai o

anernrk is3" byv= -LlAm n Z"-'n- of thie f1apedlAnce

nrcacime- towok tbe =-n ~teOutput -ir-+t -. t is a

p--e to ~ -mm -.. n ~ s

us-ually freqiency of maxirnn esone

The -ysira lgface or - :s Inerto Pe dnwem g4 to

~.etenne a alue or Lh z~icnd- tt: -- a- be aunlied to- an

ecui..alent rectangul-ar bandpazs witlh a cons~ta gain GO
e~tanr &Il'e!beek-.: gvas thI-re t sip between

nu-= tuned dou cir-ults I rn 2 sztargeS nl

a.l tundCircuits if If~ stacp. hrig-me r =c U tun-e at

u s. -1van bel Se abl ic -I

TABLE 11-1I RATIO OF NOISE RAXRWIDTh To 3-db BANWDTH

NO f 3.db-f Nixw umtin
staes handri drhf badidhBh

0US

4 0 434 0 499 1 145,



m. Set=~~ -adddho a~ --rci is-fwCer o

-2.1 
t ! * . _

-t'r't hm c~ theis vfl ee

_to b-- iciseh us= 4
4~ Whaeetn

-Nvrotu h mr syseC an te 6 .= =-wlth vMree

a ~wr or S r et trka-tsv~ ~eBaO~l
MMIM± ONMSSBMS The ercW ntov i ndt f ayt4 is - r

1 la- '-_eudk and im ale interton=;a-t Use Fo

ti-forks - est oV tsep. inr stars tht a

I _ ofe acs-a e7urr~~

V-* ==d-w or-- = r------= ei

--ta ou' b dv fa. t The -- tiveob n reno11 asyrm Is --t1cc

1!tzbn-idh ot th .41'ttlrC4a- i mZ - my btni t e r

'oisen of -zb-wdt ems ntl -? sy ze~th 1-lni -nid

-m aa r- -t.= nfl

D -mm OWE Am in Fi ME=

7hire nose tereqml =ecagerby math. of tzatin of vte

pon otal nise ;%e" n "ae oe -n"." Tew

alf "t*- ra two mmt psopert Al' s-miu cane~

the n-sa power tesl for Rumdale xc" m no se bar

_ ortn- ec,-ec the wr neie b ov- - t. UNs ric .r- s--c~ dntok



When there is any quoutiot, an to what the "noise bandwidth" of a

dovice Is or what the "efrfevtivo bandwidth" of the system L, the problem

cnn be examined uor, ioise powur density expressions, and the output

nolue power 'an be alculated when the bandwidth is determined, if the

"denaity" is constant over the entire bandwidth in question. If this is

,ot the case, it will be necessary to divide the bandwidth into smaller

cepents, each having a constant output noise power density, and then to

calculate the total noise power in the output as the sum of the power in

each of the smaller incrementail bandwidths. An exampl.e or this technique

wi3l be presented in Appendix C which considers a complex problem in-

volving the image frequency response of a superheterodyne receiver.

Just as the total noise power may be multiplied by the power g'dn

or a device, or be increased by the addition of excess noise power added

by the device, so may the noise power density be multiplied by the gain,

and increased by excess noise power densities. Extreme caution is war-

ranted in either case if there is a situation involving different band-

widths.

E. TEMPERATURE AND FREQUENCY CONSIDERATIONS IN NOISE PERFORMANCE

For nenrly all active networks, the noise power added to the output

by the network varies with the center frequency of the passband, even

though the noise bandwidth remains constant. Therefore, it is an

eaaenti'll part of the description of the noise performance of a network

to specify the center frequency considered. The gain of the network must

also be given as well as the noise bandwidth.

The ambient temperature of the network may also affect the network

noise performance. The excess noise added by the network may be a

function of its "mbient temperature, but this temperature dependence is

usually not considered in systems engineering. The systems designer

normally begins his cnlculations, given a value for the network excess

noise that is a function only of the center frequency and the noise band.

width. The only coagnonly encountered exception to this is the consider-

atlon of the noise performance of n pnnaive netwiork which is a direct

f,,n.-tion of the network =mbricnt temperature.



III. DFCRIBING NETWORK NOISE

A. INTRODUCTION

1. NOISE FACTORS AND NOISE TEMPERATURES. With the present state

of confusion in this field caused by a multiplicity of definitions, an

engineer is in danger of creating morp -onf =ion as soon as he mentions
"noise factors" or "noise temperatures". After some examination, though,

what first appeared to be a completely illogical and unnecessary compli-

cation of the subject is found to have some semblance of order. One of

the purposes of this paper is to point out the basic philosophy governing

all of the oethods of describing the "noisiness" of a network. It will

not be possible to fully examine this topic and cover all of its aspects

here, but an attempt will be made to correlate in one centralized develop-

ment moqt of the important details. The purpose of this development is

to acquaint the systems engineer with the many variations possible in the

methods of referring to network noise, and to show how one may be con-

verted to another. Two tables giving corversion factors and useful

formulas sumarize the results, whereas, in the text proper, the terms

are defin e n-d their use in equivalent block diagrams is illustrated.

There are two general methods employed to describe the noise per-

formance of a network: noise factors (or figures), and noise temper-

atures. Only those terms in common use will be covered in detail. Some

others that might possibly be used will be mentioned in the summary to

thiis section.

To conclude this section, "source temperatures" of both signal and

noise sources will be discussed.

2. EQUIVALENT BLOCK DIAGHAMS FOR LINEAR NETWORKS. It is possible

to clarify greatly the calculations involved in determining the physical

significance of the various noise factors and noise temperatures if each

linear network is represented by a combination of an ideal noiseless

network and an excess-noise generator, as in Fig. 3.1. The terminal

characteristics of this combination must be the same as those for the

actual network; therefore, the input signal power, input noise power,

output signal power, and output noise power must all be equal, respec-

tively, to those values obtained from the actual network.
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EXCESS -
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FIG. 3.1. Equivalent block diagram of a linear network.

mThere is no control over the input values; but the output noise

power can be separated into two parts: amplified input noise, and excess

noise generated in the network. It is then possible to refer the noise

added by the netuork to the input or the output, and to describe it by

different terms.

B. THREE NOISE FACTORS

1. IIRODUCTION. After its introduction in 1942 by D. 0. North,

the noise factor came into widespread use as a method of describing the

noise performance of a network. At the time of its introduction, engin-

eers were just beginning to become interested in a quantitativo measure

of the "noisiness" of a system, for that date approximated the beginning

of general interest in equipment that operated above 30 Mc. Prior to

this time the level of static and other interference in the frequency

ranges of importance was such that the noise performance of the receiver

Itself was not very significant. in determining the over-all sensitivity

of a system.

-10



The "stand.ard noise factor" was the term first defined, but It was

apparent immediately that this term was inapplicable when the source

temperature was not the standard. In his original work, North 4 also

defined the "operating noise factor" which will be discussed below; and

in 19143, Goldberg 1/ introduced the "effective noise factor" which will

also be covered here.

2. BASIC CONCEPT OF NOISE FACTORS. To compare the actual perfor-

mance of a network to that of ideal devices, the terms noise factor and

noise f'igure are .... used. "The noise factor or an amplifier is
the ratio of the actual output noise power available to that which wculd

be available if the amplifier merely amplified the thermal noise of the

source."'12  Or, if the input to this network is the output of another,

the ideal device merely amplifies the output noise power of the source

network.

TMe term "noise figure" is often used interchangeably with "noise

factor", and common usage has become such that both often refer to either

the db figure or the power ratio. The calculations in this paper will

use primarily the power ratio. When the db figure is required, it will

be specifically noted.

Although it is not implied by the definition given above, another

one of the prime functions of any noise factor is to express the total

noise power of a network by an expression similar to the one given below.

(Tota! noise power output) F kTBG (.1)

Briefly, then, the two uses of nois- factors are:

(1) to compare the noise performance of an actual network to that

of an ideal noiseless device, and

(2) to express the total noise output of a network in a simple

expression.

P AND AVERAGE NOISE FACTORS. The excess noise power added

by the network varies over the pass-band of the network The value of

the noise added at any givelL frequency may be a function of the gain of

the network only, or it may be a function of both the frequency dependence

of the gain ant the frequency dependence of the noise generating p-rocess.

- 1. -



To emphasize this particular point the term "spot noise factor" is

often used to refer to rhat value applicable for an incremental fre-

quency band. it Is then customary to use "average noise factor" to

refer to the ratio of the total available noise power output from the

amplifier to the part of the total available noise powar output which

is due solely to the noise generated by the source.
32

r F(f) G(f) 81
~A 0(32

r -o L (3.2)

f G(F) df
0

where F = the average noise factor

F(f) = the spot noise factor at frequency f

G(f) = available gain of the network at frequency f.

"The average noise factor is defined as the ratio of (1) the total

noise power delivered into the output termination by the transducer,

when the noise temperature of the input termination is standard (290° K)

at all frequencies, to (2) that portion of (1) engendered by the input

termination. For heterodyne systems, (2) includes only that portion of

the noise from the input termination which appears in the output via

the principal-frequency transformation of the system, and does not in-

clude spurious contributions such as those from an image-frequency trans-

formation." 3-

Since all of the definitions of the noise factors given below will

use total noise powers, the quantities actually defined are "average

noise factors". The normalization is done in deriving the expression

for the noise bandwidth. Also, the assumption Is made that the fre-

quency dependence of the noise generating process is negligible over the

frequency range of interest.

The spot noise factor is used in the rigorous analysis of the noise

performance of cascaded networks.

Also called e"integrated noise factor" by Lawson and Uhlenbeck.3 6

** f1See for example Freeman, p. 19.
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4. THE "STANDARD NOISE FACTOR. As shown in Eq. (2.1), the total

noise output of a network is a combination of excess noise, added by

the network, and the amplified noise from the source. If the equivalent

noise temperature of the source is equal to the standard tem.perature

(normally taken to be 290 0K), the "standard" noise factors may be used

to compare the perfoimance of the actual network to an "ideal noiseless"

one.

The actual total output noise power is NO, but the output noise

power of an ideal network would be

Amplified input kTB . (3.3)
noise p ) -er 1 0 0

Then the expression for the standard noise factor is

- " (3.4)
kTo 0 O0

where B = noise- bandwidth of the network.

F = "standard" noise factor.

Go  = maximum available power gain of the network.

-23
k = Boltzmann's constant, 1.38 x 10 joules per degree

Kelvin.

N0  = total output noise power from network.

T standard temperature, 2900K (in this formula, also
0 the source temperature).

The definition given above for (W)0 may be rewritten as follows

N
0 (for T T only) (3.5)

G-N s 00 -

where N = network input noise power kTo B

The available power gain, G,, may be defined by the following ex-

pression. S

GC - S * (3.6)
S.

where S = available output 5j*3i' power

- l3 -



S= available input signal power.

When zhis definition for G is substituted into (3.5) another common
0

definition of the noise factor is obtained:

(/N) for 'T 0 on__) (3.7)(SO/No 0
It should be noted that although this definition uses the signal-

to-noise ratio, "the noise figaure is not a measure of the excellence of

the output signal-to-noise ratio, but merely a measure of the degradation

suffered by the signal-to-noise ratio as the cignal and noise pass

through the network in question.'

Again examining Eq. (2.1), it is seen that it can be expressed in

terms of the standard noise factor.

rThtal output Excess noiseI
else power J = Amplified input + power added by J (2.1)
of network L noise power . the network

- +  -1) iT T.8)
0 0 0 60

Using the standard noise factor it is then possible to draw an

equivalent block diagram (Fig. 3.2) in which (T - 1) is used in the ex-

pression for the power output of .he excess noise generator.

Normally this measure of the ..oise performance of the system is

called simply "the noise factor"; however, some author, such as Davenport
9and Root, have used the teri.nolor "standard noise factor" to empha-

size the importance of the requirement that the source be at the stan-

dard temperature.

Only under very rare clrzumstances is the source temperature in any

practical system equal to the standard. Variations in the source tem-

perature require modifications to the noise factor which will be covered

in the following sections.

It is emjhasized that this definition for F is valid only for

7s  .-

Golberg, p. 1203.

- i4 -
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PIG. 3.2. Equivaiit I ock diagram illustrating the use of
the "standard" noise factor P.

5. T EF-FECTIVE NOISE FACTOR. When the temperature of the source
is different from the standard temperature, the standard noise factor

can no longer be used in the eoression for the total noise output of
the network. The excess noise added by the network will renain the

same, but the amplified input noise will change. In these circumstances

then, a new noise factor must be defined.

Vie first noise factor that is defined for source temperature not

equal to the standard is the "effective noise factor"

= NO

So ( 3 9)
where F S the effective noise factor

s

T = the source temperature.s
In a manner similar to that of the preceding section, the definition

for the effective noise factor may be written as follows:

_ - .!A0 (for anyT 5 ) (3.10)

Since this relation does apply, the same derivation as already

given for r will result in the signal-to-noise-ratio definition of the

effective noise factor.



T 1 1 (for any T) (3.11)

Equation (2.1) may now be evaluated in terms of the effective noise

factor

[Total output iF Amplified 1 r Excess noise power,
noise power |= |input noise| + added by the (2.1)

Lof the nezworkj L power / L network J

NO = kT BGo + - 1) kT BGo  (3.12)

Since the network excess noise remains constant under all conditions,

it is very easy to establish the relationship between F and 1 .
S

( 1-i) kToBO- -i) kT B (3.13)

( -l) =(F -TO) T (3.14'

it is important to note that the standard noise factor always has

the same value since it is defined only for T - T, but the effective
s TO

noise factor varies with the source temperature. Chart M11-1 wIll per-
-it quick conversion between the standard noise figure and the effective

noise figure (both in db).

Using Eq. (3.12), it is possible to draw an equivalent block diagram

fcr the network when Ts T 0 . See Fig. 3.3.

This noise factor was introduced by Goldberg In 1948 and given

the name "effective noise factor" by Davenport and Root.
32

Reprinted fr-m Oliver.
4 9

Note hat this is very confusi.g, since "operating noise factor"
normally recrs to the teru to be discussed next.
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FIG. 3.3. Equivalent block diagram illustrating the use of the

effective noise factor Fs"

6. TiE OPERATING MOISE FACTOR. Ihe term originally introduced by
iD. O. North 2in 192, to use with the source at some temperature other
than the standard, is the "operating noise factor". The operating noise

factor is defined by the following equation

on-k 0 (3.15)op kToB 0

vre r= the operating noise factor.

Th this case the relation
No
10

GON.

(toec not apply. Mnerefore,
N

ON (3-16)

Therefore the operating noise factor camot be defined in terms of

t.e signal-to-noise ratios.

_ (3.1. )
OP is Ism~

Equation (2.1) may also be evaluated using the operating nolse

factor



a o utut 1 mlfed ~ Excess nos 1oeoise .power I a-put n-e + | aadb h 21
.1input~ noise i+ added by tek

of the na arkj L ower J [ network J

NO kT BG +iC Y -T T 0n (3.18,30 s0 - op 0

Equating the expressions for the excess network noise using F and

F the folloving relation is obtined:

0 oO7

T

= ( -1) + S (3.20)

Or, usizig a le--. to be defined iazer,

where 0%)
the relative excess noise temperature ofT

-0 source

Cha r 111-2 will permit rapid conversion between the standard
noise figure and the operating noise figure (both in db).

Using Eq. ( .18), it is possible to draw an equivalent block dia-

gram for the network using F O. See Fig. '.:I.

This quantLty was also called both Lhe "modified noise factor" and

the "effective noise factor" by Lawson and Uhlenbeck.

7. COMKiS ON F AND F . Using either of the modified noise

factors defined above will produce correct results if the proper temper-

ature is used in the expression for the total noise -ower output. The

choice as to which one to use will depend on which of the two fuctions

of the noise factor is most important in any given case.

Reprinted from St.-=
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The quantity o' interest may be either the total network output

noise power or only that portion of the output noise power added by the

network; it may be desired to refer this quantity to the input or to

the output; and, finally, it may be more convenient to use a normalized

temperature ratio than a temperature in degrees Kelvin. Such a system-

atic approach was not used when the individual terms were first derived,

uIt the use of these three factors does permit an organized study of all

of the terms that have bccn dev.o ed. Op2 P i1ght Dossible noise tem-

peratures, only the four in common use will be covered in detail here.

It has become a common practice to refer to the generic group of

terms that will be discussed below as "noise temperatires", The use of

the term "temperature" may be misleading. Only in one case is the "tem-

perature" something that can be measured physically, the source temper-

ature. in the cases considered in this section, "noise temperature" might

be described as a fictitious electronic quantity used only to ixfer to

an apparent or equivalent temperature of a resistor that has a noise

power output equal to some component of the noise power associated with

the network. For several of' the terms to be discussed, the quantity is

dimensionless and merely represents a ratio of two "temperntures". This

point will become clearer as the various terms are defined.

2. EQUIVALENT OUTPUT NOISE TEMPERATURE. if the quantity of inter-

est is tne "otal noise output of the network, it is desirable to be able

to express this quantity as simp]y as possible. In order to do this the

"equivalent output noise temperature" is used. Then the total output

rmise power is given by

N = T qB (3.22)

where

T the equivlent output noise temperature.

It was shown earlier that the total output noise power of the net-

work can also be evaluated by using noise factor. For any source temper-

ature the total output noise is given by

N0 = F op kBG (3.23)



or

N0 = FkTsBG0  (3.24)

*

Therefore

= e TFG- (3.25)
eq up u u

(For any T s

Teq =TS T 0 (3.26)

for any source temperature.

If the source is at the standard temperature, then the standard

noise factor may also be used.

Teq = F To0  (For Ts =T) (3.27)

The physical significance of the equivalent output noise temperature

is that the entire noise power output of the network can be visualized

as coming from a resistive component aL Uie output which is at the temper-

ature T eq. See Fig. 3.5. Note that even though the source is at Ts the

input noise power is assumed to be zero and the entire output noise power

comes from the resistor a- the temperature Teq

The use of the equivalent output noise temperature permits the use

of very simple expressions when examining the total noise power output at

tne output terminals.

This temperature is also called the "effective noisp temperature"

by Davenport and Root' and care should be taken not to confuse it with

another term to be defined later.

3. NUHSE '1IVEtkA:IURE RATIO. It is easier to perform calculations

with small numbers. Therefore, if the equivalent output noise temperature

is very large, it can be normalized by dlviding it by Se .tandard tem-

perature. it is ther possible to express the total nol sp output of the

network, using the "noise temperature ratio", tr

1O = ktrT0 B (3.28)

Since anop ad Fs are both functions of the source temperature, T.,
will also vary with T. to take into consideration the variation. In tne'
amount of amplified input noise.

- s4



!DEAL NOISELESS I_

T$ NETWO RK S=GOS,?, No=KT 8D
• ! GO'8'TAMB

N1=O
(ASSUMED)

S TEMPERATURE =TE 0

FIG. 3.5. Equivalent block diagram illustrating the physical

significance of the equivalent output noise
temperature Teq

Therefore, from Eqs. (3.25) anm (3.26) it can be seen that for any

source temperature,

t F op (3.29)

or (For any T (
--s

) o (330)

0

Only for the source at the standard temperature does

t =F G (For T =  (3.31)r 0 S -01

The requirement that T = T is usually assumed when the noise tem-
S 0

peratu-re ratio ic defined, but only rarely is this condition specified.

Using this assumption, then, and the expression for the noise temperature

ratio in terms of the standard noise factor, the most common use of the

ratio will b2 illustrated.

A common configuration of radar receivers is a crystal mixer followed

by an intermediate-frequency amplifier. The standard noise factor of the

combination of two cascaded networks will be shown later to be

F -12-

F12  1 + -- (3.32)

. G _



Then the standard noise factor of the crystal mixer/i-f amplifier com-

bination could be given by
t += -1

t rm+ IF -. ( )M-IF IFTMZ F  M M (3-33)

M

or

M-IF = MMt, + FIF - 1) (3.34)

where
FIF = standard" noise factor of the i-f amplifier,

Y,--IF = "standard" noise factor of the crystal i-f amplifier
combination,

G = maximum available conversion gain of the crystal
OM mixer,

= conversion loss of the crystal mixer (l/GO),
0M

t = noise temperature ratio of the crystal.
'M

Historically, the use of the noise temperature ratio to describe

the performance of a crystal mixer was probably the first use of any

noise temperature. This term was used very often in early radar work,

and Van Voorhis 66 refers to it simply as the "crystal temperature ratio",14 -

Ginzto1 called it the "crystal noise temperature", and Pritchard
53

referred to it as the "mixer noise ratio".

IT would be possible to i!lustrat the sa iificance of the

noise temperature ratio in general by drawing an equivalent block diagram

exactly similar to Fig.3.5 except that the temiperature of the resistor

would be t rT 0. It i s also possible to describe the output of an excess

noise generator, using the noise temperature ratio. See Fig. 3.6.

The noise temperature ratio is also referred to as the "relative

noise temperature" by Davenport and Root.
9

*

4. EFFECTIVE INPUT NOISE TEMERATU.E. In the field of radio

isze is defined in an IRE standard. 32  This use of this term
is becoming more common and will perhaps be the most impor'ant "temper-
al-re" In the future.

- i26 -
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FIG. 3.6. Equivalent Mock diagram illustrating the use of the

noise temperature ratio tr .

astronomy one item of pr'ne importance is the ability of the receiving

equipment to detect a cha .e in the apparent "temperature" of the source.

For this reason, the additional noise added by the network is often re-

ferred back to the input terminals by the use of the "effective input

noise temperature".

[Total output noise] [Amplified input] + [Excess noise power],. .

power of network noise power L added by network J% l

70 = k S oB + kTeff -B (3.35)

NoT fro 4 _o .. 3. ; -
kBGo 0

Since it is easier to compute with small numbers it may be desired
to normali.a this temperature as below:

Teff
eff A 0

where Teff = "effective input noise temperature ratio".

- CV -



In somewhat the same way that the "equivalent output noise temper-

ature" describes the total output noise referred to the output terminals,
the "effective input noise temperature", as defined above, describes the

noise added by the network referred to the input terminals.

This term is very useful when examining the excess network noise

referred to the input terminals and results in very simple expression

when so used.

The physical significance of this "noise temperature" is best illus-

trated by a series of three block diagrams in which the excess noise is

first transformed to the input and then the two noise sources are com-

bined so that tne network effectively sees one zource at an apparent

temperature equal to the "source temperature" plus the "effective input

noise temperature". See Fig. 3-7.
From these block diagrams it can be seen that the "effective input

noise temperature" is also useful for d--ling with problems where the

source is at some temperature other than the standard.

The complete title for this temperature has not been in use very

long and some of the recent literature refers to it as the "effective
17

noise temperature". Because it refers to noise added by the receiver,

this temperature is called the "receiver noise temperature" by Pawsey

and Bracewell;'0 but in view of the great number of "temperatures" that

are used in referring to receiver noise, it appears that this nomenclature

is not specific enough for common use.

5. EXCESS NOISE WPERATURE RATIO. Another t, im that is often used

in describing the noise characteristics of crystals is the "excess noise

temperature ratio". From the definlation of the equivalent output noise

temperature the following relation holds under all conditions

NO = kT Bo eq .)

However, a certain amount of the output noise power merely represents

.n .=If led input noise.

,Ampl- f!ed input noise Power) = kT B% 38.1

Then a new term can be defined a.- the "excess noise temperature

ratio", ta,, so that
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kTkIoOs +k% _e.. jL (3.39)
= - os s (_

tax - .kTOB TO
where tx = excess noise temperature ratio. The excess noise temperature

ratio is s- alized measure of the excess noise generated in the Jevice,
referred to tW. output.

The equivalent block diagram shows that the "excess noise temper-
ature ratio" simpifies the expression for the output of the excebs
noise generator. See Fig. 3.8.

There have not been any other names encozntered for this ter-.

!DEA£L NOISELS
T i NtTWORK Sol*GoS

Go . B. T AUB 
N0=xTBGo+

U,!-KTSS 
KT x Too

EXCESS-NOSE

GENERATOR1 "'

FIG. 3.8. Equivlent block diagram illustrating the use of the
excess noise temperature ratio Lex.
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D. SU 4ARY ON NOISE FACTORS AND NOISE 'TEy TAfLU

1. INTODUCTION. The use of the many "noise temperatures" to des-

cribe virtually the same thing may seem quite unnecessarily confusing.

This is certainly true; however, different "temperatures" have been

accepted for use in different types of networks; and the purpose of this

section has been to show how the various quantities are defined, and their

physical siniificance. Now all that remains to be done is to show the

equivalence of one *erm to arother.

For any given source temperature the total oU-tput noise power is

fixed, and under all caditions of source temperature the excess noise

power added by he network S arox the Same. Using these two

facts, it is possible to derive the equations relating one descriptive

term to another. These conversion equations are all given in Table 111-1.

Table 7-T-2 gives expressions for certain properties of the noise

in terms of the different "temperatures". Although it was not mentioned

specifically in this section, noise power density has certainly been

implied in all the expressions for power, since each of these contained
the noise bandwidth of the network. it is often easier to consider the

power density instead of the total power, as will be seen in so- of the

later work. 1I fact the use of the power density for the noise, instead

of the total power, is often the only way that certain problems can be

solved. The second table considers not only power but also power density.

After exaining the forms of the expressions in the second table, It

is easy to see why the various methods of calculating and. referring to

noise have ari_-sen. Anyone who is particularly interested in one technique

of eya!ning noise, whether * be total power or pnwer density, end referred

to the input or to the output, can find a -"temperature" for describing

this "noise" that will greatly simplify nis eauaions. Because all these

methods are use-d, he systems engneer bust be f-iliar with all of them

and be able to quic.-y convert frm one to another.

2. TABMI . Given the following characteristics of the network:

= noise b-andwidth

G = =aximu available gain

[ =1-
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TABLE III-2(a). GENERAL NOISE FORMAULAS

'N.twork total", (A--plifid -Excess noise
noise power inpu noise, ~ower added)

output ~ po~wer , ythe network)

Using F: N-kE (F -1) kT HG~

Using Fr: N0 kT5B 0  (F. - 1) k15

opo500 0

Using T.: No kTRGo I(T, -GT.)BkG

eq: -N 4 e( q - orl

U!.iag tr: ;No kTB00  - k(trj0 -G.T,) B

Using Tff: No kTsBG 4 kT5 ffBG0

Uzing tex: N. kT -;G. + liteT.B
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3,OTHER POSSIBLE -NOISE TEMPEr-RATURES- AND NOISE FACTORS.

a. Noike temperatures. After rending thio section, the ;engin-.

Ler may-well believe that there could not possibly be any other "noise

temperatures": ainy that have not been covered here. A little reflection

on the subject will prove this aot to be Lhe case. The four temperatures

which were discussed above are only those that have been found in common

use. There are others possiblc* but their use, if any, is not sufficiently

common to warrant going into great detail in theii- description. F~ther-

m~ore, if any new terms Are encountered, the engineer ahould be able- with

the aid of the material In this section, to derive the physical sighifi;

cance of' each "temnyrtue on r ln

In addition to other possible noise :factors, the-e are eight pbssible

noise temperatures. The quantity of interest may be either the total

network output noise or the excess noise added by the network. It by

be &cs-red -co r~frthe quantity of' interest to either the input o --the

output, and fibally it may be advantagehous to use either an absolute-

temperature in degrees Kelvin or A temperature ratio-normalizd by--sthe-
_ -_o

stanidard temperature, 290 K. In all calculations preceding, tbe fi:661
one to cornnUte---the ov --all systemn Ser-4-ivi ty, th~ qU6,ntity- 0f~t:

est--is nor. illy the network excess noise, n whete ti ee~

to the output or the input is lar~ly a matter of choice, alth~ugh-for

working with networks in cascade it is sipe oree tt teiiu,

the choice of using an Absoluite temperature or a ratio Is usual , M-de

so that the resulting numbers of interest are small aind as near unity-as

possible. For excmple, if T = 100K it would be better to use the absoluite

temperature than the ratio t =0.034148.

Table 111-;3 gives all eightt Possible noise temperatures. Those

covered in the text earlier are outlined in heavy borders. As was me-dh

tioned above, four of the temperatures in the chart are not in cond use

-anid the syzmbols and titles are those of this author.

There might be twelvP different temperatures possible, if' those

referring to to~tal system noise are defined separately for standard tem-
perature sources and other temperature sources. Those temperatures re-
ferri-g to excess noise are not a function of the- source temperature.
Having different definitl'ons for tr and tr.,freape apasuncs
sarilyt comblicatted.
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b. Noise factors. The only difference among the three noise

factors given above is the reference temperature used in calculating the

total noise output of the network. There are, in fact, only two basically

different noise factors, for the "standard noise factor" is a special

case of both the "effective noise factor" and the "operating noise factor"

for Ts = T . All of the noise factors given may be classed as teis re-
5 0

fered to the network input, since ihe network gain, GO) must be included

in the expressions for the network output noise.

There are several variations Of the noise factors that are possible,

referring them to either the output or the input, or considering only

the excess noise added by the network; but the complete coverage of all

of these Variations by the noise temperatures precludes the need for in-

creasing the number of noise factors. The only additional term that-

might be of value is an excess "standard" noise factor that c6nsiders

only the network exeess hoise.

F (- 1) (3.41)

where F a excess noise factor.

The usefulncss of this term can be illustrated by examining the ex-

pression for the over-all system noise factor of 6 networks in cascade.

Using the presently available notation this is given by the following

equation:

(F2 -1) (F2-l) (F-) IF+ (F-1)
F1-6 = Fi +--+ + + +

1 G G -O GQG GG G 0 G -

01 0102 01 02 03  1 2 3 4 Ol 0305

(3.42)1

If the modified standard noise factor, F , were used, the expression

would be much simpler;

F_ F F FF
Fl = + - ++ + .... +

GF1 GoIG0- GO0G G_ G ,G G G G 0 G 0 0 0
02 00 03 G 3 0 0 0 0
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or

* * ef*f

* * F_ F.- F5

1o 0 000 0 00
123 1234 1 02 03 5

(3.44)j
The "average excess noise factor" would be the same as the "eft tive

input noise temperature ratio". Note that in all cases

F (3.45)
(For any -

F ~3. -46)

E. SOUJRCE W4PERRATURE

1. NOISE SOURCE TmFTRS58s Thus far the "noise temperatures"

considered have been defined by examining the network total output noise

power, or that part of it added by the network. Sc--cwhat analogous

techniques can. b ii5ed to ekamlne the input noise power obtained from a

noise source. These "temperatures" are of interest when using noise
58sources to measure the noise performance of networks. The definitions

for several of the useful terms will be given below; however, no further

use of these "temperatures" will be made in this study.

T Noise source discharge temperature

T- - T Excess noise temperature of the noise source
s 0

s Relative noise temperature ratio of the noise
TO  source

-TT O ) 4 Relative excess noise temperature ratio of the

T 0 noise source

04



(T /T) is also equal to -he ratio of the -power per cycle, avail-

able from the noise source, to that available from a source at the stan-!

d1 ar d temperature, TO .
2. SIGNAL SOURCE T"EXPERATURE -ANTE~NNAS. Although the appareuit

noise temperature of the zource that is connected to the network does

not describe any of the properties oft the network itself, it is c6ditainly

of great. imrporktance in making any calculations inivolvin-g -Ystem noise.

Normally, the source is considered as being at the same ambient tdtmper-

ature as the equilment, which is often assimed to be the standard -tem-
0_o

perature, 2-90 K. If tne source is a.n antennia pointed at the sky, as it

may well be in a radar receiving systemi the temprature of the source

will probably differ quite greatly from the stanrtdiear.

-An antenna sy~iem can be describe ya quvln ixci si

Fig. 3.9i The reactive component of the antenna imnetinnee nil nt hav e

any effect on the noise pdower available to the receiver-, but the two

resistive components will. 'The ohmic resistncc will be at the ambient

temperature of the equipment and will contribute an amount of noise

power based on this tempekatur~e; however, the "temperature" of the

radiation resistance will be determined by the "temperature" or the

objects at which the beam of the antenna is directed. In all likelihood-

the ohmic resistance will be very small compared with the radiation

resistLance, so that the antenna will generat-C little thermal-noise power.

The primary Problem is determining the equivalent temperature of the

radiation resistance- It is normally necessary to obtain this temfxdr-

ature exerimentally for the various frequencies of interest and the

direntions in which the antenna beam will be aimnedz it can ble d-:fi-m_.d

~yar itiiicgral equati on; htowever, this equation has little applivation

in finding actual values for thE equivalent antenna tcmperature. "~it

should be noted that a radiation resistance is not a real resistance,

and thus introduces no noise into the receiver except, to the extent that

it absorbs noise radiation from its surroundings."

There are several methods that might be used in making noise cal-

culations with a source temperaturea other- than the standard. One such

method was illustrated in the pre-Ceding section, using the effective

input noise temperature ofl the network. See Fig. 3.7. Another method
143that ightbe employed is the use of ax exter-nal osfcor
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TIG. '3.9. Equivalent circuit of an antenna with losses.

Tle external noise factor is defined so that it is equal t.o unity

when the average noise po-wer- de.ty available from the antenna is the
smie as that avilable from a resistance at the standard temperature.

N a -(f-)kT 0 watts/cycle (3.h7)

wherec

EN = external noisc factor.

Some works refer only to the equivalent temperature of the antenna

resistance, TA . In that case,

T
_A ~ (3 - 8)

"0

where TA =quivalent noise temperature of the antenna.

The value or (HN) is frequency dependent and some equations giving

values ror it arc presented by Norton and Omberg. For more up-to-date

information on the temperature seen by an antenna pointed at the sky £he

reader is referred to the literature on radio astronomy, which -ontainzz

extensive studies of this factor.

Referring to the section on noise source temperatures, ilt can c

seen that the external noise factor could also be called the "relative

noise tezcratvre of' t"he~" suc-



The most complicated situa-ion that might exist is to calculate the

external noise factor of an antenna fot which the ohmic resistance is not

negligible, and the antenna is at some ambient temperature other than the

standard or the equivalent temperature of the radiation rcsistance.

Assume that the antenna has a radiation efficiency of y; for every unit

of power supplied to the terminals, y is radiated and (l-y) is dissipated

in the ohmic resistance as losses. Then

(E) _ -amb + (l-)ad. .. .raa(3. 9)
T
0

where Tamb = temperature of the ohmic resistance.

T -- temperature "seen" by radiation resistancerad

y - antanna radiation efficiency.

Similarly,

T~ +U (I y)T ~ (3.5-0)

I-

-_n L--



HV OISE IM PASSIVE NE ORK7.

Thus far, only the problems of noise in active linear networks and

noise in antenna sjstems have been considered. Attentl:on will nov be

turned to passive linear networks, for example, an r-f tuned circuit, an

attenuator pad, or a transmission system of waveguide or some other

material. Networks of this type are characterized by a gain (always less

than one) and a bandwidth. See Fig. 4.1.

In a manner analogous to the case of an antenna with a radiation

resistance and an ohmic resistance, each at a different "temperature",

the situaton often occurs in which a passive network is at one temper-

ature and its source at another. In both cases the quantity of interest

is the apparent or equivalentt temperature at the output teininals, and it

is found that very similar results apply, although the physical causes

are quite different. ConsLder the Situation shown in Fig. 4 .2(a), with

both the source and the network at some tcmp=rature T!  With the entire

system at the same temperature, the noise power output of the network

must be given by

N0 = kT1B.(41

If it is next assumed that the temperature of the network is 0K, there

will be no contribution to the noise power output by any of the resistive

elements in the network. See Fig. 4.2(b). The noise power output will

then be
NA (due to source oply) kTIB0 (4.2)

The quantIt. of primary interest is the noise added by the network, and

its valse can be found by now assuming the source to be at noK [Fig. ;.2(c)I.

Then the network noise is the difference between the total noise and the

noise sue to the scurce, or

0 .. due to network) = kT B(1-Go) (4.%)

Tuese expressions- can then be generalized to obtain the one given

below. Note that the source temperature in- this equation may be the

C;."i=flt ternerature at .he output of a precedin e ntwork.
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FIG. 4-l1 Passive linear network.
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FIG. 4-2, w".erivration of the noise factor of a linear passive
network.
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T n 0 GOT ( o)'a
eq cAs 1-G (b 44

where T = equivalent output noise temperature of Lie
eq source and the network combined

T = equivalent temperature of the source

P_ = ambient temperature of the passive network.a__D

Thn closer the gain of the network is to unity the nearer the equiv-

alent output noise temperature approaches the source temperature. For

this reason the noise introduc~d by very-low-loss passive networks is

often neglected completely.

Treatir.g the noise in a passive network by temperatures, as above,-

is perfectly acceptable at all times. In fact, this method is perhaps

the easiest way to handie the problem when an antenna transmission line

is being considered. However, when the passive network is in the receiver

proper, it is inconvenient t- have to deal with both temperatures and

noise factors. For that reason- the noise factor for the passive network

will be derived.

Fr= the enpresion above the equivalent output noise temperature O

the network eon be round.

T- =GoT + (l Gn)Tb (4.4)

To con-vert an; osetmettr 4nt Ivllcn ro-I5e power

densIty, mltipLy the temprature by Boltzmann's constant, Z-:

kT =kO-T k(! -G G

eaq 0s 0 joi

When the ab!e-+ + rature of the network is not the same for
the entire nework, special problems are encountered. A good exa-le of
this sitUation in a ua;e-ide connecting a source it a reduced temper-
ature (-n liquid helii=) to a network at room temperature. This problem

was exa-ined by0 Ma%.el andLeo.. 3-7.



Referring to Tables i1-42(a) and (c) in h preceding section, it

can be seen that this expression is now in the form of an equation for

noise power densities.

Tota output noise Amplified input Network excess noise
power density j noise power +/power density d 4 6)

density to % the output

Again referring to Table ll12(c), the last term can be converted to the

form using the standard noise factor, and the foflowing is obtained:

( de)ity .. [. ---heoupu (4.7)

0___ -omb 48

01 T

"0

wh~en the ambient temperaftre Of the network is equal to the tandafd

temperatureo which is often an assumed condition, the above expression is

grertly simplified:

F for Tamb =TO4.0

or

Therefore, two conditions must combine to make it possible to neglect

the noise added by a passive network In a systet. The first of these is

that the ambient temperature of the network mst. be equal to the standard

temperaturei and the second Is that the maximum available power gain

must be very close to unity. For lossy networks or unusual ambient tern

peratures it will be necessary to consider the excess noise added by the

passive network. The very low values of the effective input noise tem-

perature now possible with maser amplifiers require that noise in all.
!55sy networks preceding the maser be considered if the correct value is

to be obtained ot the system noise factor.

I- --? -



V*DESCRIBING NOISE INi CASCADED !IETIORKS

A NTRODUCTION

In order to calculate the over-all system noise factor, it is

essential to be able to derive the effective noise 41actor for several

"noisy" linear networks that are connected in series as, for example,

in a su -erneterodyne receiver, The technicue for doing this will be

developed fOr two nestwoks, and then it -ill be shown how thin -dme
technicue can be extended to any number-of cascad net-orks.

Perhaps the easiest way to visualize this problem Is to use the

efiywzAleAnt block diazr~ms fat the tetinrkz'r continig the excessaaio;c

generatorsi See Fig. 5.1..

Using the basic definition of the noise factor, "ratio of actual

output noise power to--amnlified_.-thermal noise of the sourde", the

development is easy to followd

The calcudl "ations fat thca'-d'ded nirise factor are mode, assuming

sour"ce at the stnard t.,rature, and thenr- the vver-af nos-w ~ o

it modified if necessary-

A IDEAL NOISELESS IDEAL NOISELESS T
NEWETWORK #2 !o1tiiiiiilAM Go 92 Tame

eveESS-NOISE EXCESS-N315E 1
GNERATOR JWI GENERATOR 4ZI ~~I 1FIIflJG.

FIG. 5. l Equivalent block diagra of to noisy networks in

cascade, bOLII using the noise factor F
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B. USING ME HME FAOR

Thne input noise power, theztal nobise o!7 the source, 13simply:

tI?~n otl nisec-patof hefirst. nePtwork, whchi alsothnos

power inhput to the second network, I

=kTBG +(P -)kTBG =Rk
3 N~G

k.1 B- 010 0 0.1 1 , (52

The th toalnois pwr-output of -the cascaded networks will b

FN) F B- G - U ~ -IkTBG0flflf 06 -2 02.2 ~ l

The use Of 3instead-or B,~ in the term giving the value for ta6

amplifie no6-se power is jtsiidas follows. -At the olatnut- Of h

filrst nietworkf the totct noise poevas as given above (Jqu52 t

an In the C A -e~ or thermal nobise In a resistive ctnponentj the no4iso

pollere~st here 'IS assumed to be constanit over thje raJhge oa- frenircess
in the -bass band or network Lo 1. herefore the flise po,-er dens ,j at.

the input to the network No.. 2 i

R~kT G-(-i

Since the banwdwin of networ-k Jfis nota less than that o

network ND. I this1 value will extend over the entire band of network No.

2 and the npu noisec power to rtwr No. 2 will be

Ut the twwidth or network No.2 is gireatrt tha t of network

o.I then; t he totafl ose power innzt to newok 4o 2 vcdd be zerely
U--otput poawer off n rNo I- ... w..v. swu a - i 01ll baflt~t

wo"'d be unsaso only Uwe forni.- ease~ Wile consIdee ee

The noise power In the output that can be attrib uted to tnflfled

!nr nolte fro-~=- h -- rei
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fF1G0 GOIf+f(F -I)G 2 d (1fop-o2 lf f F

Fl = - (5-13)
op2'oidf

wercG operating gain of network No4 2

op2

Go1,= available gain of network No. 1

Freeman further states that if the center frequencies of the two
networks are the same, and B2 < BI , then:

F -1
F =F + - (5A14)
1-2 1

0
01

where F a spot noise factor of network No. 1. evaluated at the center
frequency.

if both networks have constant gain over their bandwidths and B,
B2, then:

--F I (515)
1l-2 714

01

The differences between results obtained using Eqs. (5.13) and (5.15)

are normally not significant.

If the noise factor for a cascade of networks is given,

F1-n

and the effective bandwidth of the system is known,

(Beff)
1-n

the total noise power in the output will be given by Lhe following ex-

pression:

(on) = kTo(B eff)1n Fi-n (5.L6)
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-C. USING T111 NOISE TEMvPERATURE RATIO

As was shown in a preceding section, there are four common methods

for describing the noise bower output of the excess-noise -generator.

Then, Co.,1-idering only two networks in cascade, there are 16 possible

ways to combine these various methods. In practice, few of these combin-

ations are evcr encountered-. however, a combination that is of interest,

since it represents a common situation, Is a network using the noise temn-

perature ratio followed by one using the standard noise factor. 866

Fig. 5.2.

In this case, the noise power output ofnetwork No. 1 is given by

k0  t 1  (5.17)

and that of network No;i 2 is

N =kt T B-G + -l)kT6BLG6 (5.18)10 r 1 0
2 0 2 020

With the same comments relative to BBc and Bef here As given

above, the combined n.Ase factor is

t + F 1l
ri 2

F-_ _____(.9

1- GO

IDEAL NOISEL.ESS IDEAL NOISELESS

NETWORK #1NTWR 9 )

alG0  . T 02 B, TAM

IEXCZSS.NOISE ECS-OS

GENERATOR MI GENERATOR #2

IT,,1 G0 1 )KTOB1  (F2 .11KT0 B2 G0 2

FIG. 5.2. Equivalent block diagram of two noisy networks in

cascade, one using tr and one using .
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D). U1SING THE EFFECTIVE INPUT NOISE TEMPERATURE

A duilatity that is extremely useful and convenient to work with Is

the effective input noise temperature of' the over-all1 system. Knowing

T -for each network permits a direct conpuLiation of' the over-all eff'ec-

tive input noise tem perature by a very simple formula.

ae thoug thr are several~ equally acceptable methods that might be

use todervean expression f'or Teff'1, the easiest one to use here

stats iththeequations already given f'or the standard noise factor of'

From E) above

01)

Using the substituition given inl Table ill-1, the noise factors can-

be converted to effective input noise temperatures.

IF - )T 0  Teff(.1

Then the expression for the cascaded effective input noise temper-;

ature is simply

T2 (5.22)
eff1  eff1

01

Starting with the expression f or the general system noise factor

F =F + 2 ++1-n 1 0 G G G, G .
01 0102 02, tn-1

the expression for the over-all system effective input noise temperature

can be obtained.
Tel T T

Tef2 + :1 _ n (.4
eff 1n' e'f I G 0 G l Go G 0G .. )



E. -T-ON B, < B2

The noise power output of network No. 1 is

N 01 =FkToBG(5.25

The noise power output of neLwork No. 2 is

2% 1 Olk"OiOG 2 - O-2 0 (5.26)
Then, F kT B G + F- i)kTB

1 0101O 2  0202
F (5.27)
1-2 kToBff G

F (5.28)
eff ef -

In cases such as these, where B < B2' there will uzuAlly be a

thiri networ.k with < B so that the noise power output of network No.
3 1

3 is

-ITB G0GG +(F-I)kT0 B ^ 0 0 (-1)kToB 3G0  (5.29)

Then, F, 2- 3 0+ ~ 201 + GoG3 (5.30)

G- 1 l GGlG

if such is not the case and all the networks following No. 1 have
bandwidths greater than No. 1, the simplest approach to the problem is a

solutJon similar to that used in Appendix C where the graphical repre-

sentation of the bandwidths makes the calculations straight forward.

Since the noise power density wJiL not be constant, the output h -d -st

be divided into segments and then recombined after the noise power in

each segnent has been calculated.

I.A



PART 7HREE --- SYSTEM SENSITIVITY

VI. GENTRAL CLASSIFICATION OF RECEIVER
AWD DETECTION SYSTEMS

The procedure used to calculate the over-all sensitivity of

receiving system can be divided into two parts. The first of these is

the determination of the magnitudes of the noise power associated with
the pre-detection and post-detection portions of the system, considered

separately. The second part of the calculation combines the pre-

detection and post-detection noise at an appropriate pointj the input

to the detector, and determines the minimum detedtable sigpihl.

During the first phase of the calculations, all receiver systems

separate into two natural groups:

1. The simple detector receivers (e.g;, a simple crystal-video

receiver).

2. Receiver with linear amplification of the signal preceding the

detector (e.g., a crystal-video receiver with r-t preamplification, a

superheterodyne receiver or a trf receiver).

The only differences among the methods of calculation required for

different types of receivers within each group are occasioned by the

possible difficulty involved with "image channel" noise in the superz

heterodyne receiver.

For the second phase,the calculation of the minimum detectable

signal, the previous classification of the system is ignored and it now

falic into one of three categories:

1. Pre-detection and post-detection noise contributions are com-

parable, and both must be considered.

2 Prz-detection noise is much greater than post-detection noise,

and post-detection noise may be ignored.

3. Post-detection noise is much greater than pre-detection noise,

and pre-detection noise may be ignored.

Different techniques are required to determine the system sensitivity,

depending upon which of the three above categories describe the system

noise performance.
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In Pt Tree Of this report the nature of the calculations necessary

to determine the system sensitivity will be explained by the use of gen-

era examples covering the crystal-video receiver with and without r-f

preamplification, and the superheterodyne receiver. In the calculation

to determ ne the minimum detectable sional it is assumed that the detector

can be described by A square-law characteristic. This assumption is

valid for nearly all detectors in their small-signal region.



-- i- - -~ _ - - - -

ViI. T.E SIM PLE DETECTOR - THE CRYSTAL-VIDEO RECEIVER

r. IEODuCTION

The simple detector receiver may take many forms from the iron-

oxide rectifier or safeLy-pin and razor-b".e detector to the highl co-

plex detector. Perhaps one of the most familiar

fo it7 of this type of receiver iS the crystal-video microwave receiver

using a specially designed detector crystal followed by a video amplifier

with a bandwidth suitable for pulse reproduction.

The simple crystal-vide receiver consists or a crystal detector

folowed by a sUtable video amplif er. R-f selectivity can be provided

if' desired b.-- en-l WAIcr- - 1-'=r.hoad "_f tbe detto..tor, and thei

system might be as shown in Fig. 7.1(a); This system would be satisfactory

for receiving pulsed signals by detecting the video comconents of the

spectrum of these si&ials in the cryt tal detectori The detector h s been

labeled a square-law nevice, since it follows a square law characteristic

at small-signal levels, and the small-signal region is of primary inter-

est. if it is desired to use this system for the detection of c-w

signals also, one method that can be used is to introduce a modulator

preceding the detector so that video components will be present in the

detector input signal when a c-w signal is received. See Fig. 7el(b).

As will be seen later, the use of an r-f preselector will not no_-

mally improve the sensitivity of this type of receiver, since the noise

level is set by the crystal detector. Although the presence of an r-f

preselector narrows the r-f bandwidth and, hence, reduces the input

noice Power from the source, the excess noise of pr4ent crystal detec-

tors is usually predominant.

B. NOISE FIGUE AhD EFFECTVE BWWOfDWIDA

n referring to cryst detectors, the terms "noise figure" and

"noise temperature" are not used, since these terms can be 4 lled only

to Mnear elements. Pather, the sensitivity of the detertor with a jen

video rplf er having a s-peC-Ied bandwidth Is used; this sensitv-ty
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I -F FFURLAW VIDE INDI CATOR

S IGN -_L APAL 4jPRESELECTOR CRYSTAL AMLFIER

DETECTOR

.Al S!MPLE CRYSTAL-VIDEO RECEIVER

- LOSSY SQUARE-LAW VIDEO

SIGNAL PRES--EL-CTOR,, -b MODULATOR CRYSTAL A1MPLIFIER

DETECTOR

(B) CRYSTAL-VIDEO RECEIVER WTH

IOSSY MODULATORINCAO

G. 7 1. Block diagrams of crystal video receivers.

is the amout of: input signal power necessary to equal the detector-

amplifier excess noise Dower, referred to the input of the detector.

The ecuitralent input noise power of the detector-amplifier is specified

as S Therefore, if V-e input signal has a power equal to the value ofx

Sx, the system output signal-to-noise ratio will be uity. Within certain

limits it is possible to calculate the sensitivity of a narticular

detector-amplifier combination for some video bandwidth other than that

used for the test measurements, (See Appendix A.)

Mother term that does not have arv significance for this particular

network element is the "system effective bandwidth". I the simple

crystal-video receiver the only "pre-detector noise" wil be the small

amount attributed to the source and to the r-f preselector. The post-a-, i: Inectr-f andee r Th hst

detection noise generated in the crystal detector and the video-amplifier

will be much greater than the pre-deteation noise, and in this situation

is impossible to determine an. effective bandwidth, it might be well

to mention that for ary type of system theare is an "effe tve ba-ndwdth"

only if the post-detection noise cn-.tribution camn be neglected comletelv.



IDCAL NOISELESS IDEAL NOISELESS IDEAL NOISELESS

PRESELECTOR CRYSTAL DETECTO VIDEO AMPLIFIER EN:-

EXCEtS-NOI 9 EXC£SS-NOI SE G-ZHERA'[0K

GENERATOR

FIG. 7-2. -quivalent block Jiaaram of crystal vi-deo receiver
iith r-f Freselection.

C.~ IViTNh'T BLOCK DIAGRAM4

To make the chosen approach as general as possible, and similar Lot

both major classes of receivers, the simple crystal-video system may be

rebrennted an a combination or ideal devices and excess-noise gener-

aters. The n tenn2 and tr -tsmissicn line are not shown as they have

been treated setia-telt. This meth d of por-*raying thc cystem is some-

what unusual, but it will serve to bring out several important points

and technidues.

From the -aeasurements of the detector/video-amplifier sensitivity,

s it-~is ssible to determine the total excess-noi:e power of this

combination, referred to the detector input. This is shown as an excess-

noise generator at the detector input. Also shown is an excess-noise

generator for tlhe preselector; and there would- be one for the m odulator

also if one were used. See Fig. 7.2.

in the expression for the power output of the excess-noise gener-

ator for the preselector as well as in the expression for the input

noise power from the source, an effective bandwidth is used. It is

necessary Lo use somi: bandwidth to determine the total noise power; how-

vcr, thi.3 is no t effecve bandwidth as defined in Section [1-C.1,

the bahdwIdth used with the system no!s factor to obtan the system

--feCt-v an; I'* Cothe system

ve baw for the linear pre-detector Dortion of the
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used only to specify th- t)Ltj. noise pover output of the linear system
at the input terminals of the detector. The exact value of B' is not

eff]of interest, since it is never -d in the calculation of the sensitivityof the simple crjstal-video system.
ii

. .AMATIr S ON SENSiTIVTI]f

As was en tioned earlier, it will be found that the sensitivity of
this system will be set by the detector-ampl~ier noise for all present-
day crystal detectors. Upon closer examination it is fodu. that, in the
present state of the art, the noise contriUtions of the crystal and that
of the video Amplifier .e typially of the sdee odet of ituee.

This means that an effort to 1-4rove the sensitivity by any great amount
wil require improvement of both components.



VIII. KEC~iVERS WM I- LINEA-R AMLIFICATION PRFEDING 3H DETECTOR

A. IN ODUCTION

The sc-cd general class of receivers includes those that have active
linear networks, preceding the detector, that amplify the incoming signal

as well as amplify input noise from the source and introvduee excess noise

themselvez. There are many exaples of this type of system as well at

numerous variations of each. In this section only two specific examples
will be considered the crystalvideo systeim with r-- preamplification,

and the superheterodyne system.
S totchni,,,ez 2n.itjin oin -ied

The t.-----n nte -- sara intermediat- result, the hose

power density of the linear system output, are almost identical for the

two examples chosen, and for any system that falls into this broad class.

There are several difficulties that may Arise, such as the image response

of the superheterodyne receiver, that are pecultar to a given configur-
ation; however, it will be possible to mention only a few of Unese.

B. CRYSTAL-NVIDEO RECE.VER WIi R-F PRAMIPLIFICATION

1. IN4HODUCTION. It is possible to use an r-f preamplifier with

the simple crystal-video receiver, to increase the system z;neitivit- by

ampifying the incoming signal. f cof-rse, the use of a preamplifier

wi1 also introduce excess noise which will set a limit on th-- ultimate

seanstivity that can be obtained. There are two particular configurations

of the cry stal-video system with preamplification that are of great

interest in this study- Me first of these is merely a fixed-frequency

r-f preamplifier that has a wide acceptance band. permIttin-g the nouitor-

!nag of a inrge r-T bwaydwid with no frequency resolution within the

band. The second configuration of interest is a receiver using a narrow-

bdpr-cniplif"er that istndacross the total bandwidth to be obs~erved.
This s n.own as the "sweepngfilter receive r nd is a form of the

coma-- tuneoradio-freuency receiver.
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2. EQUrivAl-sN BLOCK DIAGRAM. m1e c rssta±-video system wlth rzf
Pren""P ca ayo beY represented bpy the block dian5.

S(a,,. Usi4ng the technique d e e 'Ifl the prce 6n4scto,U Li-

telnyes for linear netvotkis, the eXcess noise for the prep-tie
c=n be referlv ta 'the Input tertminals- of the prese).ector when, the P--re-

Fi.3.1(b),
j02ew qvant ty of interest is the noise factor of thne linear portion

of thi receiver which will be used to 4btain the noi se power density
at te deectr nut. Uirlthe earlier work on cascaded networks,

this quantity can be derF~ived diretly

FLFP + O ( )

JPA
where Ff noise fac-tor ot the linhear rtion oE the systek: fra=j thereceiver Input t=1if ttedtctor Input.

(Al GENERAL BLOCK DIAGRAM.

- LESS fl-F PRE =_ LESS R-P PRE-_ LESS CRYSTAL E VIONil AMPLIFIER SELECTOR DETECTOR A4LFE

ICESoss-!EXCE S5-NOg , I_ EXCESS-NOISE -OENERATORjG:NERA::: GEHERATOR I
19i EQUIVALEN4T BLOCK DIAGRAUS SHOWING NOISE SOURCES.FIG. 8. 1. Crystal video receiver ith r-If preamplificatiolt



3.KAXJ$1UM 3IIWiTY A7MraYlAW±L Thre is a definite 15rmit t-o-

the marimam sens.4tivitv th~at can. be at uso,-in.- an _ preplifier

with a crystal-video, s~ysten. As the gain of the nreaalifier Is in-

C.rfead, 4ts excess nsoisc oe otu referrdt the detectIor inrct

wifl increase uti it exceeds the detec-tor-=~oh1fie1- exceszs no1se power
referr +o~s point. After this point is reached threInli't

ad-vantage, fron the poi'nt of View of sensitivity alone further in-

creases In preamplifier gain.,

C.SUFWREIMIRODY!E RECZIVIS

IMr"MMnCI;:ON The 2nocon ample of a receiver employing pre-

detehctor amplification IS the supertheterodyne system. TMe design of

the supcrhnetetod ynme reeiver has becm fairly wefl stndrdizen. n-

ever, there are several s p eca C nn of V.,uhasdul-cn

receivers, whi-h will not be consideredhere, altou their treatment

Is exactly analogous to thaIt presented for .. single-conversion rmcever.

The normal superheterodyne receiver consistA of A radlo-requencypre

ampplfier (wh4-h may_ be cuitted)* -a r ao-frequenicy preselector,- a 1ocal

oscillator" mixer ccsb -ination whichn is of ten 'efe,d to as A con-

verter-, an iner t-fctnyaplifier, a- second detecto-r, and an

audio- or viden-frequercy3 amplifier, (th-gs Std IsZ primarily inttere6ste

in- vdco-freqcy rantes5), and -enctor. It in, not the pur-pose of

nsstudy toa examine the operatioa or& the receiver. in +1WE a -ct

the only !tan of !intI!re"t is the noise charateri stic ofteroe!ar

and the linear Jyre n -a' se factor,- whi~chn will be used4 later to -altslate

the sestvt of the entire svstem.

7The two fonms of the superhe-teroyne receiver to be considere-4 are
-hni -Fg .- . filer m be included with!n the i2-f am-plifier,

or separately.

cular-ASI inres. 1r -th cas. od sup~~--= 'eclvrstnloan

seeping 4ocs± osC12t-nors--the -nIM"ng-tote" receerr or,as2.I

2or caol kovn, the Thanornm-in reCeiver 'With two ecePions,
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FIG. 8.- Maoc); diaa rat~s of 3upecraletcrcdvilc receivers.

The prcblenb of ~ -~ ~noise bantwiath the offA~

heterdne--eiv-~ Are idf'ticAl. so teewll e dsicinte
-etvczft the two k~ th* work that folws.

or -h -~" t~ tpetc theJ Al- d-te~te ~teznr

ra~~fseo genetor lzat be --tortd
' c-- =tui~e or P- xtnnr t- eu aln blp dia s usin texc-

n~ie z~mtrswjl e ar ~ ts- ft3.da thate by the-i rI-?p -

:A-! - -sl= onwri9ol h

-reecltiarzg it1 -10 aa~ed that bo± thr n

See ppriicez-Iez =:a



preselector have the same bandwidth or that the bandwidth of the pre-

selector is less, and it is this smaller value that determines the r-f

bandwidth. The latter situation is that encountered in wideband traveling-

wave-tube preamplifiers.

The noise figure representation of the excess-noise generators is

shown in Fig. 8.3(a), and in Fig. 3'. 3b the excess-noise generator

associated with the mixer has its power output specified, using the noise

temperature ratio of the mixer.

The over-all linear system noise figure is given by the expression

_______ IFF= + + (8.2)
L PS(82

ops ops OM

where r = effective over-all noise factor of the lin ' system.

Using the noise temperature ratio as illustrated in Fig. 8.2(b),

the system noise factor is now

t + F -1 -G
+rM IF OM(83

G G
ops OM

or, using the more common conversion loss of the mixer,

the system noise factor now beewes:

= pS k trM + FF(8.5)
Gops LM

b. The superhcterodyne receiver with r-f preamplification.

The equivalent bloc t diagrams, with noise figures, are shown in Fig. 8.h.

Now the linear system noise factor is changed bp adding the preamplifier

noise factor:
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.DEAL NOISELESS IDEAL NOISELESS

R-F PREAMPLIFIER R-F PRESELECTOR

xT0 B"F G PA BPA GOS p

IEXCESS-NOISE 9ENERATOR (EXCESS-NOIS-E GENERATOR

I PA j~~a;FOP (FpS-1)K'rOaEFFGO P

IDEAL NOISELESS IDANOSLSMXE

I- F AMPLIFIER Ii-
TO [ G61r, B

SEOD ErxcE;SSNOISE GENERATORJ EXCESS-NOISE GEN ERATOR
DETECTOR 

-S

EXrIF-1)xTOBEFFGO IFFM-1)KToS*cFFGOM

FIG. 8.4. Equivalent block diagram of the linear predetection

portion of a superheterodyne receiver with r-f
prearnpliLi cation.

+ FPI F -(8.6)

~L YPA GopA

where 1 PSI the noise factor of the preselector/mixer i-I' amplifier

combination as calculated above when no preamplification was consideredi

D. IORTAIRT CHAR ACT-F !TTCS OF THE LTNMAP SYSTML

One of the two haracteristics of the linear portion of the recelver

system that will be essential to determining the system sensitivity,

nrnney the linear system noise factor, has now been determined. The

value of this parameter is obtained from the noise factors of the indivi-

dual stages as well as their gains. It should be obvious that certain

situfltions such as high gaii. arid high noize fbetor in the preamplifier

of t'.e sutrht7ozn Can maL-e the noise factor of. Uhu linear system

be approximately the snme as .,at of t~he fir-st: tive stagc. The other



important characteristic has been used in each block diagram, but only

mentioned lightly. This is the effective bandwidth.

The effective bandwidth of the linear system, Beff, has been used

in each excess-noise generator to specify the noise power output of

that device. HOw to evaluate this bandwidth will be discussed later,

as well as how to determine if the linear system effective bandwidth is

the same as that of the entire receiver, Beff *
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15.

IX. CALCULATION OF SYSTEM SENSITIVITY

A. INTRODUCTION

The key to calculation of the system sensitivity of the receiver is

the examination of all noise and signal powers at the input to the

detector. Here there is a logical dividing point in the receiver, with

a linear system on one side and a nonlinear system on the other. in

fact, it is impossible to find any other point in the system where the

calculation can be made with any degree of facility. The linear-system

noise cannot be referred to any point in the detector-video amplifier

nor cart the detector-amplifier noise be referred back into the linear

system, for the over-all system effective bandwidth will not be known

until after the sensitivit:y calculations have been completed.

B. COMASOND OF TQE-DCT-LVWR ff POSTXDCT'R sISE PaWER DENSITIES

1. IN- RODUCTION. Before it is possible to determine the sensitivity

of the system it must first be determined whether the detector/video-

amplifier excess-noise power is significant when compared to the linear-

system noise power at the detector input. This is a very simple state-

ment to make; however, it cannot be executed quite so easily. The problem

arises as to what the system effective bandwidth is so that the linear-

system noise power may be calculated.

*Ifls problem can be circ=mvented by first calculating the noise

power density, at the detector input, atti buted to the linear system.

Then an approximate noise power density will be determined for that part

of the noise power attribated to detector-amplifier excess noise. These

two densities can then be compared, and it will be possible to decide

whether the detector noise should be considered.

2. LINE.R-SYSTEM OUTFUT-NOISE POWER DENSITY. in the descirption of

the equivalent block diagam of each system it was shown how to obtain

the noise factor for the linear portion of the system by very straight-
*

forward -ethods.

if a superheterodyne system is being examined, be sure to chcck
for image response. See Appendix C.
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Referring to the tables appearing earlier in this report, it is seen

that the output noise power density, with a source at some tem-perature

c-oher than the standard, is given by the following expression:

F kGo (9.1)

where k = Boltzmann' s constant

T = source temperature, OK

Go = over-all gain

F = effective noise factor.

The noise factor calculated earlier for the linear system was the

noise factor referred to the standard temperature, 290 °K. Nov, this

must be converted to the source temperature reference:

T

s TS%92

where F = noise factor referred to the standard temperature

TO = standard temperature, 2903K.

However, the source temperature may not be known. Physicall&, it

is the apparent temperature presented by the combination of the antenna

and the transmission line system at the input terminals to the receiver.

The equivalent temperature of the antenna is discussed at length ii
Part Two of this report. All that is necessary is to transform this
.:tperature" through a lossy element, the transmission line system.

There are a number of ways this could be done, but the simplest approach

is tho same technique as that used for the antenna with losses. There Is

a transmission line with a gain of GL, and it is at the ambient temper-

ature. Ten the source temperature seAn by the receiver, Ts, is given

by t-he following expression:

+ - G T (9.3)-S U. F A - TL) Taab

where T = npparent antenna temperature.
'A



Now, all the values necessary to calculate the desired noise power

density by the formula given below are known.

- TsI -Go (watts/cycle) (9.4)

where D = noise power dnsity WIk Uhe detector input terminals attn-
buted to the linear system output noise

C;O. gain of the linear system from the receiver input terminals
to the detector input.

a. introduction. in the discussion of the simple crystal-

video system in Section VII it was poi-"Lud out that the detector-amplifier

excess noise referred to the detector input is obtained by measuring the
minimum Aa b-1+n%+ sign-al power at the detector input. Tnis is done for

a particular crystal, crystal holder, crystal bias, tadeo amplifier and

video b--ndwidth; and the value obtained applies only with these parti-

cular components under the test conditions, except that the video band-

width can be varied over a small range and a new value calculated. (See

Appendix A.)

Tne value obtained for the excess noise of the detactor-p!fer

combination is a noise power. Before it is possible to calculate the

equivalent detector noise-power density, DA, to compare with The linear-

system noise-Dower density, D, it is necessary to determine a value to

use for the effective bandwidth.

b. Effective bandwidt.h. As was stated earlier, an effective

bandwidth exists for a system only if the noise in the linear system is

the governing factor in the over-all system sensitivity and if it is

possible to completely neglect the detector/video-amplifier noise.

Grigsby/ has ex-ined this problem at length and obtained values for

the effective bandwidth ror both in-v and pulse signls.

Since the detector is n square-law device, the output will contain

terms resulting from t..ee crass nultinlications:

(3) (signal) x (noise-
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Ba-use of the "dual nat.re" of the third term it m ight be included as

cither noise or signal in the signal-to-noise ratio or it may be neglecteJ

cum-e y,-#. i"se to three expressions for the output sil--to-
noise ratio:

x s)

(2 (sxs)-+(sxn)
(n x n)

(s x s)
(sx n) + (n x n)

Before proceeding any further with the calculations, it is necessary to

decide which one of these definitions for the signal-to-noise ratio will

apply to the particular ease under consideration. Once this decIsion

is made, all remaining work must be consistant with it.

'The effective oanawiaths for pulse signals for each case, respectively.

are:

() :xS) = (2b b b 2A12 (9.5)

i nxnAJief L V -V'

(s x s +,s x n)1B+ 3b 2I2_(2) x C (2bLbV vU 2bv (9.6)

F (s x s) 2 1/2

-1; su B I0b b lb1I +?b'-" (s n) + (n x n~j Lf V ' " V IP-' + "v (.

where b. = vieo bandwidth
b, = llnear-system output bandwidth

in the equations above, the following restrictions apply:

VbV I bL (9.8)

and
= (pulse length) (9-9)

If
L> (9.10)

then all of the effect-re baawidths for p.ulse sivials reduce to



B (2b bv'i1)

The c-w case is not of as much interest; however, it is possible

to auin an tfVective bandwidth here -also.

isxs1+ s xn)] b 2  
'

L Ian eff LV

tote that there is no square root here.

Detector noise-power density. Having chosen the desire1
definition for the signal-to-noise ratio, and calculated the effective

bandwidth applicable, it is possible to deter--ine an approximate value

for the effective noise-power density attributed to detector-amplifier

noise. S

No =om -two3 " Bert

rbw cacpare the two noise nower densities and determine which of

three procedures to follcw1
: D Cosider both Aliem sd Ldetector ,,se

nz o : << D: Consider only linear system noise

() e >> D: Consider only detector noise.e

Up to his point, the calcuations have ifvolved rmn-v additions

and- sVbtractions, and the use of lo'rithms and decibels would have only

cmplicated the prob!m rather tha- simplified it. From here on, most

of the operations entail muItplication or division and the application

of log-arith will be very useful.

The detector sensitivity, S, is nor-maly given if dbm so the

following expression can be used to obtain D in dbm.
e

D [s (dl=- M log -B (db-

n-a to obtain D in dM, use the following:

0 l 10 lOio, +. I logi-oTs +1i0 icg- GL



If the Bf used above in Eq. 19.14) was in eps,

D =(lo0 lo Fs-19.6 + l0 log1 T +10 LoOO) (dbm/cycie) 19.16)
L

or, if Bre was in Mc

= (o lIoF --. 6 + 1o log1 6T + 10 log00 ) (dbm/Mc) (9.17)

C. CA. LC IN OF MINIJ4. DIECTABIE SIGEAL

1. REFEP.RED- TO DETECTOR !IPR. Following the steps outlined

ato;e, it has been determined whether or not to consider the detector

noise, Knowing 'tis, it is possible to accurately calculate the signal

strength necessary at the input ter-minals O the detector so thtt the

minitm-detectable-siaal criter-on will be met at the output (output

signal-to-nnpse ratio eual to uity).

The formiu~as for t..t three cases are very easy to apply, since all

the values needed have already been calculated. P . will define- the

mini m detectable signal referred to t-e detector input terminals. The

procedures to follow in each case are us follows.

a. Consider both linear-system and detector noise. For this

case, there is a choice of three formulas depe.-.'ng an which definition

was used for the signal-to-noise ratio at the output of the detector.

(See Appen-'x B. ) The definition used here must be the sa-e as that

uscd to determine D. Un1hfortwuately., logarithms and decibels cannot be

-zed here.

r-.or(s anl , Sb 2,
!n- LVVb-~e '(watts)

t2o

=x s +1 sn)n ,. V V ,

(watzz) (9.19)
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b. Consider -only linear- system noise.

-DB _-(watts) 9.1

- 10 logi0 D - 10 og (dbm) (9.22)
min v -0.10%-iT

Here tere 4s no prime on teeffective bandwidth, for it applies to the

entire system.
c.Consider- only dte-t--r no'se

4smSn .±s, (an (x
The last two cas-es lend: themselves to the use of logaritha-s andt

will b uated that P, _i in dbm in 5 the next s-tep.

2. MfRED rM RECEIVE?. JNfl-. Althouh the mlnizin d-4eecta~ble
...na a Me detector- inpu t is known, tleystvmznitt ha stil

then

a 11i s =i1n ±~ 10 tO

The antenna may als-o beR- considered wzn int=-gral part of the system

and t.e reulin snztid Is&E;t -wave frcnr-- Power requi-red

fo? a mi~. detectaible signal.

- G -I logrA (9. 25)1

oinLs =.An _M O

wherep-7-e-- 4 -4 .wze r uit area, fox- m-ini detectable

A A .cptu.re "-cme of thwatena sram units of -rca a

actusal =eaasu-" a ntenna gain in dt-



n. 5wy aogugvCPwln SYs---- sSK IVayri

I. fter~m~ t± nise factor of the linear- system frm the receiver -I input term i1nalsn tO the dte tur in u

2. UsIng tfle stanYdard noise factor of the linjear s5ystem and theappren sorcetemerturL, calcul-ate the- effeCtiv(. noise factor of the
linear system:

sL-I - L it.--<

du .t Usn th f e t ve n i e f c or ee n n the no ie power
dsy due to th-e linear sytex referred to the -detector ipt

-. the excess no04se power of th dtCto/i ~ obaItient, referrerd tb thel detecto inp't to7-vCnn tMP-es data:

_.Te deInrition for the sgl.tonieratio is chose_,ada

approximate Value for teequivalent noise Pmer os due to the
detectOr-a..-Pfler. cr=b-tmat 0 is~ ealicu~t

S
r anjs e -

'1 S

L (Sr1)+n-nj -e
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c r n j ~ f t h e ;e 5 -- nA . 4 z - - r - - C f S j n e n C a l c u l a t e t h = 1 i i _ t c a i

e

[MJ ~; ~ (D 22b-b,, - (att) (.31

1 I ( b2 t-,v 211

-$'---1D t b& a -b t2Db.- (watts) (9

P(mm. 5 Min L +3:1YIhS'i'% (2V watts) ()

b. D <<UD

5..~j L ~ V V

D' _ _ = .j_ I E Qf
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B- For tae Came for Uirh LyI <<CD, the syist- "- . is the

s~ z the Cme that: descrbes the perforMAnce of the pone r thion orf
tine sysr X.

;.For the spe~ai, casete ofD< ,1 fet
wedwd~ vn on--s of three eqnmtlbrz caic der~n m- time def--i dion

or th uptSignaml-to-ztise ratio.

U!w. I. ,

ReszddsxnW' -- (obfl

for 2!I- ' -..nf tree eqiaticas reduwC to
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PART FOUR --- SUMMARY

X. SUV .%_u CONCLUSIONS

Two main topics have been covered in this report: a unified des-

cription of the various terms used to describe the "noiseness" of a net-

work and a general technique for the calculation of system sensitivity.

The coverage of the "noise Jmperatures" is believed to be unique in

this field, and is an attempt to bring some semblance of order into an

extremely confusing subject. The definition of each noise temperature

giving its physical significance will enable the systems engineer to

better understand the meaning of each, and the conversion chart and

other tables presented hPre will -ratly assist him In their use.

The calculation of the system sensitivity of receiver systems is

presented in such a way that any configuration can be examined using

the same general principles. It shouid be immediately obvious that this

treatment is not confined solely to receiver systems but is equally

applicable to many other signal detection systems. One of the purposes

of this part of the study was to bring together into one reference much

of the material presently available only in specialized sources. When-

ever a project such as this is attempted the author is in great danger

of omitting many important topics that should have been included. In

this vastly complicated subject thiL is certainly trie, and this author

on Y h-upes that the shortcomings of this study motivate ntheW r to complete

more adequaLe Lreatments of the subject. Before it is possible to suggest

simplifications to any procedure presently in use it is essential to

understand fully all of the facets of the problem. A work such as this

is only the first step in this direction.

Part Three of this report on systems sensitivity should certainly

lead to further work o the subject. Hoeer, Part Two on noise tex-tas

is probably complete as it is; and it might well serve as a signal to

halt further work on this topic since the introduction of more terms can

do little more than further confuse this already chaotic phase of

systems analysis.
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PAi't VIVe -.. APIfNDIMCI

APPENDIX A. VAXIATION OF DMflC'JOR/VIDEO-ANiJLIPIER
SENSITIVITY WITH VIDO BANDWIDTH

T1he detoctor/vidoo.ampliriar sensitivity, Sx$ in a characteristic

that in obtained by direct measurement of the senvi 4 ivity of a given

duLtuctor ^nd video amplifier combination. Lt may be doulr bl to obtain
an estimate of what Sx will be for a video bandwidth other than that

uned ro'r the original meaourcmcnt. This can be done as follow,;, ausaing

that the same video amplifier ic used and only the video bandwidth ia

changed (umplifler noise factor stays the same).

Sx iu the total excess-noise power of the detector and video

amplifier referred to the detector input.

2
KS2 io the total excess-noise power referred to the amplifier out-xput wh~ere K is a constant describing the gain characteristic of the

detector and video amplifier combined.

If it is assumed that this total output noise power is uniformly

,liatributed over the video passbid, the noise power density at the out-
put is

pu sKS 2  1 (A. )
KVM

whure b - video bandwidth uced in measuring S

For a diferent video bandwidth, b., the total noise power at the

output will be

{S2 bv
2(A.2)

Or referred bark to the input, the sensitivity, Sx, with the new

video bandwidth, bV, is now

X aX • (A.3)
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Thhi relationship may be used for estimating the new sensitivity.

It may become innaccurate if *hora in a very lurp chans In the video
bandwidth, for the annumption of uniformly distributed noise power in

the output may not apply.
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APPKNIDIX B. MINiMUM DENCTABL SIONAJD CONSIDillO BIThOD
DI Ta&C'I! AND I'flAIIFui Nwio

Following the auam toiciquo no Ur'igby and others, !t in posslb1c

to determine the power requirement for the minimum detetable signal

(output signal.to-noia ratio equal to one) 'or the case in Vhich the

d.tector-nmpltfior and the linear .tsntem noint powers, referred to the

detector input, are of the same order or magnitude tuid both must be

considered.

The f'o.m obtnin.i for tlio uswer indicates that there might be an
"effective bandwidth" for the system, but this is not true, since Sx

nlso nppeura In the results) and this quantity vsnnot be expressed by

the use of' any bandwidth.

Consider only the system shown below where Si and N represent the

output o' the linear portion of the oyatem.

H, iQUARI-LAW VIDEO s o
SCRYSTAL ,.AMPLIFIER .

NI! DETECTOR No

The detector/video-amplifier sensitivity, S, represents the signal

power required at the input to the detector to obtain an output signal-

to-noise ratio equal to unity when the linear system noise can be nev-

Iected completely. Thereforep Sx represents the total exce s-noise

power of the detector/video-amplifier combination referred to the detector

input.

Let K be a constnnt describing the action of the detector and video

amplifier. (This result assumes that b ps 1

V pulse length'

(a x a :eM so K (51) 2
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Ili tottal noise.power output to it combinatin ur th,, I.nput, $o1010

NI and the excess noise Is x The part, thut, can be attributed to the in-

put. nolie In therefore elven by the following expression:

K(D (2bLbV - bv)] (8.1)

where D u noice-power density or N .

When the excess noise in added to this the total noise power at

the output is then

(n x n t.erm), N ' K(D2 (lbLbV - 2 2 (B3)

Conoidoring only the (signal) x (signnl term and the (nolse) x

(rioipe) term, the output signal-to-nnise ratio is given below:

!-j : "2 (B.4)Jxn No  D;(2bLbV - by) + S 2

Settine thin equal to one, the minimum detectable signal power re-

ferred to the detector input is given by the following expression:

],: .m D(bLbv- p)+ S]/2(.nxn .' m rin x" "

Including the [(signal) x (noise)] term reaulto are as below for

pulse signals:

(sxn term) : KJ i Dav  (B.)

1 u mm 3bv)ISpPm * -D2(2bbv. 2 21 (B.) 



ax: is)p .D (2bLbv+3b2v)+, 2bv (8.8)L(nxr.) +(osxn a in )+v

7tu reoultp neglecting the [(signal) x (noise)) term# 1 the Fgo-

metric mean or the other two.

-84



APrENDIX c. ZrzcT OF uW DIUXAT-PE.4IMU Y
IMAGE BAND OH 13Y M NO189 T'4CR

In the main body or the report the bandwidths of the stages of the
system are not considered in detail ao they have little actual bearing

on the noise-power density nt the output. Thu situation to be considered

now in a case in which the bandwidths do uffect the noiae-power density

through the contributions or the noise power in the ima u bands or the

Intermediate frequency.

In the r'rvquency conversien action that takes place in the mixer a
band of frequencies of the some bandwidth as the i-r amplirler is converted

In frequency to the center Vrequency of the i-f stage. See Fig. C.l(a).

This conversion is accomplished by having the local osciflator generate

u frcquency Lhat differs from the value of the radio.-requency oignal by

an amount equal to the i-f center frequency.

Whther the local oscillator frequency is above or below that of

the desired r-f band, there is another r-f band, tne image bandp that

will also be converted to the center frequency of the i-f amplifier.

The image band will be above or below the local oscillator frequency,

opposite to the desired r-f band and at a distance in frequency equal to

the i-r center frrequency.

If the r-f pass band provided in the otnge immediately preceding

the mixer Js similar to that shown in Fig. C.l(b), then there is no
problem for there is no excess noise acnitLed at the image frequencies

to be converted to the i-f frequency.

If, on the other hand, the r-f uelector pass band is as shown in
Fig. C.l(c), allowance must be made for the extra noise present In the

image band. Since nearly all preamplifiers generate wideband excess

noice, there will be no!.oc power available at the imae frequenien

even if an earlier r-f selector huo eliminated any oilials in this band.

The same comments npply in e..nernl even if there is no preamplifier.
An example that may point up some or the pitralLu in accurate nol ne

calculatior.ns will be given below.

Ascume that the system is as shown in Fig. C.2(rn), with the trop,.-

tiv* bandwidths of. the different stages bcinjS shown D, Fig. C..P(b). "Me

- a> .



DISIRCO LOCAL D5.~

11.1 *AMNP OSCILWAOR 4.F $AND
II MAflI) - - 1 0J CY

I I OI

I * I I

IA) IMA49-.SAND LOCATION.

PASS SAND OF R-F FILTER IMM901ATCLY

1S) IMAGE $AND REJECTED BY R-F FILTER,

FLO r

(C) IMAGE @AND ACCEPTED.

FIG, C. 1. I-F image-frequenicy bands.
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I'PRISILICTON FMIAMPLIFI&A AIAUPLIFICR

"" " .14 C

(A) OCN9RAL BLOCK DIAGRAM.

•.
-- x XI" 3 F I xl'- 0,'

I  
I C X

14.°I N r~o 4 01 e -4

(U) BANDWIDTHS

FIG. C.2. Superheterodyne with image-band acceptance.

entire system is at the standard temperature, to simplify calculations

on the source and the passive elements, but this requirement is certainly

not necessary. All bandwidths shown are the noise bandwidths. They

refer to input signal pass bands and the frequency range of the ouput

noise power due to excess network noise.

'Tlis may be considered to be a very arbitrary restriction, but it
does apply in the majority of cases. It might well not be the case, how-
ever, for something such as a traveling-wave-tube amplifier that does
not include a tuned circuit in the output as an integral part of the
stage. As an example of the effect of having noise in the output at the
image frequency, even though thc image was not in the pass band, consider

the first example given in this appendix. In this enco the noise factor
wJth image Lesponce would be given by the following expression. Compare
with Eq. (C.13). (Note doubling of second term.)

-2(Y 2-1) 2(IFPA-l)
F-" FI + -o(r + io

0 0 0  0 G0 00 G G 0 0
01 02 0 3 01 02 0 3 04 05

- 87 -



The first atep lo the caleulation o tho ta.l output noise pover

duo to th, d ,sired 'f band. The differot points of interest v:LI be

rofurrod to by letters shown in Fig. C.;6(u).

For the desired r-f band (condlderlng only thaL power thae will

eventually reach tihe output) the following values for the total nole

power arip obtained at the different pointo:

"A" - kT oB60o (c.)

"B". kT0B6(o ' + (C.2)

"C" . kT° 6[G0o ° G°71 + ° (Y & ) +1 0 ° (IF3 -1)1 (C.3)
0 1203' 02 3 ' 33

"0" w kTB 6 (01 0 3 04 F +% 00, 00 (f 2.i)+0 a,0 (7'.1.-)

+ ( (c.4)

043 4

+" 0 0 (k-i)+_ 0 (71-)+0 (,-i)] (c.)
03 4 05 3 0 0 5

Here the expression

is uoed as the value for the excess noise added by the mixer. Thin
menn, that it. to essumed that the mixer image "termination" is At the
stnndsrd temperature, i.e., "perCectly matched". If thin cannuL be
assumed, it is necesoary to treat the mixer noise by the following
me thod:

Total noise][ Excess noise] [Amplified noise 1 [Ampuified noisel
or outpuL a/added by the] + signal J+ Image

of the mixer mixer L termination termination
This is the reason for the quantity (YM-2) that appears in some of the
literature on mixers. Using the above equation, the following is ob-
tained for the total noise-power output.

N 0 kT + +



"F' .kT 6 B(0 ( 0 o 00 0 0 V 1 a a ( -1)0o6 c'1 o 0n ).a il 0, 0, 06

+ 0 0 oi 0 06 (Y 3 1)40 ol0 0 6(7 4'1)4 0  (P 0 .61)40 (76-1)] (C.6
O 51 CO 06~O06,6

"'i, vulue for the power or the ampliried- source noise at, "F" in

kTOB6 o "o0 0 0o 0 0 (G.0)0 6 3 0 6

Using this, the over-nl noise figure is then

F1-6 -Y + + + p41
G 00 a GGo1  0o0 2  010203

+ i -L + (c.8)000Go GoIGGOho

'T'hls result could have been obtained directly from an extension of

the noiae factor or cascaded networks as presented earlier, but the

entire development was given here to point out the technique and lead

up to thc consideration of the image noise.

There will be a certain rmount of noibe in the output tha& can be

attributed to the image band. it is not necessary to start considering

the noise in the imamu band until point "C" since the second preamplifier

stage was the first atage to have the image band in its pass bnnd, and

the imag~e appears in the pass band of all stagee from thcrc to thc mixer.
The noise power in the image band is then given by the following

expressions, using the same notation as above.

Image band C6 kT3B (G 1)]
noic at "C" 06 0 3

Image band -kToOOT .0)+O B] (C.10)
noise at "'D" 60 03-04 !F -1 h0

At the mixer thiu noine has now been translated to the i-r frequency

ulong with the noise in the desired band, but it in important to include

-89-



here ol:y the noise that originated In the image band.

Image band "kT B (a O (G -1)e0 0 (V1 .)] (C.u)
notoe at "E" 06 o3040 3 00% i

There is no component of excess noise added hore by the mixer since

that in nlready included in the noise for the desired band. The came

comment applies to the i-r amplifier output as given below.

Image band kToB (a G O GO (F3-1) 00 o 6(+500)J (c.12)
noise t "F" 06 03040,06 4 0 6

Now, to find the noise factor for the system, first add the noise

in the image to that attributed to the desired band. After doing this

it is found that the over-all noise factor has a larger value.

( -) 2( 3 -1) 2(Y4-1)
Fl-6 - + --- (

G01 0102 01020 3

+, + .. (C. 1_-)
G01G02G03G04+ 01 02G03G04%G0

Here, the noise in the signal band and that in the image band have

been considered sepaL'uLely, so Liut the value (F,-2) is used for the
excess noise added by the mixer. See footnote page 87.

In effect, there has occurred an approximaLe doubling of thn noise

factor of stages 3 and 4. As expJnined above there is no effect on

stages 5 and 6. If the pass band of the first preamplifier had included
all the imagc, then the noise factor would have been, by inspection,

the following value:
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2(F -l) 2(F..-1 2(Q 1.)

G o0 0 0 0 0 0
O1 3. 2 1 O. 3

+ IF 5 +(C.14)
00 0 G 0 0 0 0 001I020o30o 0102 34,

Continuing this one step further would show that unless the ovor-

all noise factor is effectively determined by the preamplifier alone It

will never be quite doubled, even if there is no Lmage rejection.

To complicate the situation somewhat, while illustrating that this

problem can usually be solved by inspection, consider the situation where-

in the pass bands are as in Fig. C.3(a). It would certainly be unusual

to be faced with a problem such as this, but it will serve to illustrate

the technique (this was solved by inspection).

S1.25(21) 175(-1 + 2(F4 -1)

.1-6 V1 00 0 0
01 0 102 0 1 0 203

+ +~2 ( l (c-35)
1 - -- 001 002 3 301.0203014 01020o30o4G0

lieware of the trnp in a situution such as shown in Fig. C.3(b).

Bandwidth No. 3 effectively limitu noise caused by stage No. 2. Again,

by inspection the noise factor is as below.
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FIG. C.3. Superheterodyne with partial image-band acceptance.

1..33(F 2 -1) 1.33(F 3 -1) 1.67(74-1)
F0 6 "i + +GGG

o o2 1 2 3

(~ -2)(F6_1)
+ (c.16)

G 0  0 00 00 O0 G010 0 02o0 , 0
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APPENDiX D. EFFECT OF SWEEPING LOCAL OSCTT.IYLA. O SL &9H-UP. ID..E
RECEIVER NOISE BAwIDT. AND IMAGE BAND NOISE

Consider now a situation similar to that just discussed In Appendix

C, but in this receiver the local oscillator frequency will be swept

through a range of frequencies in order to permit the narrow-band i-f

to be tuned to a range of r-f frequencies. See Fig. D.l(a). The i-f

bandwidth will be only a small fraction of the total bandwidth covered

by the local oscillator, F. Of course, there must be an image hand Just

as before, as shown in Fig. D.l(b). Of particular interest are the

effects of noise added by this image; but first, the effects of noise

in the desired band will be examined.

While in the sweeping mode, there is an apparent widening of the

3-db bandwidth of the i.-f, accompanied by a decrease in gain in respect

to the selectivity and amplification of signals. This effect has been

examined elsewhere, but these results do not apply directly to the

problem of noise so another approach must be used, J. L. Grigsby made

a thorough study of the repetitive sweeping local oscillator, the pano-

ramic receiver, and obtained some results that will be very useful here.

Specifically, he considered a sawtooth variation in frequency. Grigsby

found that with a sawtooth-frequency-modulated local oscillator there

was effectively a local oscillator frequency component every liT cycle

throughout the range of frequency variation of the local vscillator where

T is the period of one frequency sweep. Each of these components will

translate the no-e in narrow bands in both- the desired and image bands

down to the i-f frequency, but each cne will do so ith a much lower

conversion gain than if the local oscillator had a fixed frequency.

utting his results into an equation, the following expression is

obtained:

[Apparent J F Nujuber of 1 [Total BW 1 [f FfectJ veness of
Lnoise BW LO components Laccepted] each LO component

Lin the i-f bandJ a& compared to a
fIxed-frequency -

LO
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(A) DESIRED R-F BAND LOCATION.

IMAGE LORANGE DESIRED

FI F FIF I F

(B) IMAGE BAND LOCATION. NON-OVEqLAPPING CASE.

FIG. D.I. Frequency bands of sweeping-local-oscillator receiver.

Rk(IF) \ ( T)

Simplifying, it can be seen that for no imagc response,
/',

BiF = 'IF

The completp theory behind this result is rather complicated, and

the reader is referred to Grigsby's origi*.al work if he wishes more in-

formazion.

Tre equation above will gve the value of the apparent noise band-

width. Now a step-by-step method to consider noise in the sweeping

receiver will be presented. The same configuration as used before will

*

it may appear that the total bandwidth accepted should be Af + B!F,
since the local oscillator sweeps through a range Af and the i-f pass
band will overlap the ends. This is true from the sigual-acceptance point
of vieu, but at each end there are only one-half as many local oscillator
components in the i-f pass band, and these effects cancel each other so
that the effective bandwLdth accepted for noise purposes is a.
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FIG. D.2. Location of image band, overlapping case.

be examined. See Fig. C.l(a). Note that now the local-oscillator fre-

quency will be varying linearly with Lime.

A diagram of the pass bands -dill not be given, but the first case

considered will be merely that one in which there is no image response.

In this situation it should be easy to see that Lhe noise factor will be

unchanged.

o-6 1 Go G G
01 01i 2  1 2 3

+ (-5l + 6l
G0 G_ GO  G G G0 001020'304 0102030405

There are two general situations as far as the image and desired

bands are concerned. One of these is illustrated in Fig. D.1(b): the

bands are completely separate. The other is shown in Fig. D.2: the bands

overlap. It is also possible, in the first case, to have the bands over-

lap the range 0 f fre~qencies of the local oscillator, as is always the

case with overlaping image and desired bands. At first, it might be

hought that there would be local-oscillator feed-through, since the i-f

pass band will actually cover some of the local-oscillator components

during the e'eeping action. ThIs does not occur because of the results

of the vector addition of all of the compoaents. What should be noticed

is that, since part of the image is overlapped by the desired band in

the second case, the noise in the overlapped portion is part of the

"desired" noise and all that need be considered is the noise in that portion

of the image band not overlapped, if it is not rejected by the pass bands

of the stages preceding the mixer.
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This would be an extremely long study if an attempt was made to

cover every possible ur.rangement of pass bands with the two cases of

overlap avnd non-overlap, but enough examples -ill be given to fully

illustrate the technique. These results are all obtained merely by ex-

amining the pa band diagrams and using the technique developed in the

section on non-sweeping local oscillators. The equation given above for

the apparent noise bandwidth is the key to the entire solution.

First, examine the non-overlapping case. Pass bands are as in

Fig. D.3(a).

-2(f.3 -1) 2(F r-l)
1-6G o 1 o2 1 G 3

-2) 1- 23

+ +

G G G G - G OOG0G 0GG 0

Phis is the same result that was obtained for the non-sweeping case,

but the reader should bear in mind that the phenomena causing it and the

technique used to obtain the result are completely different. Examine

the third term,

GGO
Go002

/Noine -," attributedi + No4 se BW attributed
to desired band / 'to image bard

Noise BW attributed \
to desired band

Width of

SIF( l/T) overlapped ( T)

BIF

And in this particular example, with the width of the Image over-

lapped equal to the total banidwidth Lf, the multiplier is equal to 2.
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FIG. D. 3. Image-band response, non-overlapping case.

Perhaps another example will clarify this point. Consider the pass

bands as in Fig. D.3(b). For the fourth term there i-% no chnge, since

its pass bond c=letcly overlaps the Lange; however, pass band No. 3

includes only 0.75 of the image. The noise factor is then changed so

that

+ l.75(px.-l) 2(A 1 )
3 __ = It1

'el 6 = -v 1 + + f. .
Ooi GO 0G Go G 2Go

v 1 u02  0100;

+ t

n Gn C-0 G G G G G 0
1 2 -34 o1 03 ^-

Not to pursue this point any longer, the overlapping case will now

be considered. R=mbe. bLat Lhe "additional" noise added by the image

is only that part that is in the portion of the image band not overlapped

by the desired band.
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Figure D.4(a) gives the pass bands for the f.rst example. ThIs is
a trivial case:

i4~F 1 -5( -1)1
+r - + 3.=...._ _

1 
000

-2123

G. , aol.2 G G Go

Now consider a more complex situation as in Fig. D.4(b):

_iX -1) 1.5fFI-6 =l 1 .. 2,. + _L 2 .4
n_, Ol02 l02 0%3

+ - - +
OGGGG G- G G G0102 304 0102 03 04 05

Note that pass band No. 4 eftectveLy l.mltr the eeon and third
term multipliers by its width.
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